
WATERSHED AND 

STREAM 

MECHANICS 

SOIL CONSERVATION SERVICE 



WATERSHED AND STREAM MECHANICS 

Prepared for 

United States Department of Agriculture 

Soil Conservation Service 

Washington, D.C. 20013 

by 

D. B. Simons 

R. M. Li 

N. Duong 

N. Kouwen 

V. M. Ponce 

E. V. Richardson 

K. Schneider 

S. A .  Schurmn 

R. K. Simons 

Research Institute of Colorado 

Fort Collins, Colorado 80526 

March 1980 



TABLE OF CONTENTS 

Chapter  Page 

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . .  1.1 INTRODUCTION 

2 PHYSICAL PROCESSES GOVERNING WATERSHED AND 
CHANNEL RESPONSE . . . . . . . . . . . . . . . . . . . . . .  
2 . 1  INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . .  2 . 2  CLASSIFICATION OF WATERSHEDS AND RIVERS 
. . . .  2 . 3  PHYSICAL PROCESSES GOVERNING WATERSHED RESPONSE 

2 . 4  PHYSICAL PROCESS VARIABLES AND RIVER MECHANICS 
GOVERNING CHANNEL RESPONSE . . . . . . . . . . . . . .  

2 . 5  QUALITATIVE ORDER OF MAGNITUDE ANALYSIS OF 
FORCES ACTING ON A RIVER-- AN EXAMPLE . . . . . . . . .  

2 . 6  QUALITATIVE ANALYSIS OF CHANNEL RESPONSE 
FOR SELECTED EXAMPLES . . . . . . . . . . . . . . . . .  

2 . 7  SUMMARY . . . . . . . . . . . . . . . . . . . . . . . .  

3 OVERVIEW OF STREAM MECHANICS AND RIVER SYSTEMS ANALYSIS . . 
. . . . . . . . . . . . . . . . . . . . .  3 . 1  INTRODUCTION 

. . . . . . . . . . . . . . .  3 . 2  CURRENTSTATE-OF-THE-ART 
. . . . .  3 . 3  PHYSICAL PROCESSES IMPORTANT TO THE ANALYSIS 

3 . 4  CRITERIA OF USEFUL MATHEMATICAL MODELS . . . . . . . .  
3 . 5  PROCEDURAL STEPS FOR MODEL DEVELOPMENT . . . . . . . .  
3 . 6  OVERVIEW OF SOME CASE STUDIES . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  3 . 7  DATANEEDSFORANALYSIS 
. . . . . . . . . . . . . . . . . . .  3 . 8  LEVELOFANALYSIS 

3 . 9  SUMMARY . . . . . . . . . . . . . . . . . . . . . . . .  

. . . .  4 FLWIAL GEOMORPHOLOGY 
. . .  4 . 1  THE FLWIAL SYSTEM 

4 . 2  VARIABLES . . . . . . . .  
4 . 3  DRAINAGE BASIN MORPHOLOGY 
4 . 4  DRAINAGE BASIN DYNAMICS . 

. . .  4 . 5  CHANNEL MORPHOLOGY 
. . . . .  4 . 6  CLASSIFICATION 

4.7  DISCUSSION . . . . . . .  

5 OPEN CHANNEL FLOW . . . . . . . . . . . . . . . . . . . . .  
5 . 1  INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  
5 . 2  BASIC PRINCIPLES . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  5 . 3  STEADYUNIFORMFLOW 
5 . 4  STEADY RAPIDLY VARYING FLOW . . . . . . . . . . . . . .  
5 . 5  STEADYFLOWAROUNDBENDS . . . . . . . . . . . . . . .  

. . . . . . . . . .  5 . 6  RAPID FLOW I N  BENDS AND TRANSITIONS 
. . . . . . . . . . . . .  5 . 7  GRADUALLY VARIED STEADY FLOW 

5 . 8  UNSTEADYFLOW . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . .  5 . 9  GRADUALLY VARIED UNSTEADY FLOW 

APPENDIX 6A . . . . . . . . . . . . . . . . . . . . . .  
5A.1 Bridge C o n s t r i c t i o n s  w i t h  No Backwater 

. . . . . . . . . . .  (Neglec t ing  Energy Losses)  
. . . . .  5A.2 Backwater from Downstream D i v e r s i o n  Dam 

5A.3 S tandard  S t e p  Method f o r  Backwater Computations . 
. . .  5A.4 Energy and Momentum C o e f f i c i e n t s  f o r  R i v e r s  

5A.5 Average P r e s s u r e  and E l e v a t i o n  o f  a River  
Cross S e c t i o n  . . . . . . . . . . . . . . . . . .  



Page 

6 RESISTANCETOFLOW . . . . . . . . . . . . . . . . . . . . .  
6.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  
b . 2  BASIC CONCEPTS FOR DESCRIBING RESISTANCE TO FLOW . . .  
6.3 RESISTANCE TO FLOW IN OPEN CHA?OELS WITH 

FLAT BED AND RIGID BOUNDARY . . . . . . . . . . . . . .  
6.4 RESISTANCE TO FLOW IN SAND BED CHANNELS . . . . . . . .  
6.5 RESISTANCE TO FLOW IN COBBLE AND GRAVEL BED STREAMS . . 

. . . . . . .  6.6 RESISTANCE TO FLOW IN VEGETATED CHANNELS 
APPENDIX6A . . . . . . . . . . . . . . . . . . . . . .  

7 SEDIMENT TRANSPORT . . . . . . . . . . . . . . . . . . . . .  
7.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  
7.2 TRANSPORTCONCEPTS . . . . . . . . . . . . . . . . . .  
7.3 APPLICATION OF SEDIMENT TRANSPORT FORMULAS . . . . . .  
7.4 SAMPLE CALCULATIONS . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  APPENDIX 7A 
7A.1 Size Frequency Distribution . . . . . . . . . . .  
7A.2 Quartile and Moment Measures . . . . . . . . . .  

. . . . . . . . . . . . . . .  7A.3 Shape Distribution 
7A.4 Specific Weight of Deposited Sediment . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  APPENDIX 7B 
7B.1 Sediment Transport Equation from Nonlinear 

. . . . . . . . . . . . . . .  Regression Analysis 

8 CHANNEL DESIGN . . . . . . . . . . . . . . . . . . . . . . .  
8.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  
8.2 DESIGN OF STABLE CHANNELS: PERMISSIBLE VELOCITY 

AND TRACTIVE FORCE . . . . . . . . . . . . . . . . . .  
8.3 UTILITY OF VEGETATION AND ITS IMPACT ON CHANNEL 

. . . . . . . . . . . . . . . . . . . . . . .  STABILITY 
8.4 METHODS OF DETERMINING STABILITY OF GRASSED 

. . . . . . . . . . . . . . . . . . . . . . .  CHANNELS 
8.5 PRACTICAL CONSIDERATIONS . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  9 CHANNELPROTECTION 

. . . . . . . . . . . . . . . .  9.1 INTRODUCTION 
9.2 CHANNELIMPROVEMENT . . . . . . . . . . . . .  
9.3 RIVER TRAINING AND STABILIZATION . . . . . .  

. . . . . . . . . . . . .  9.5 SCOUR ANDDEGRADATION 
. . . . . . . . . . . . . . . . .  APPENDIX 9A 

. . . . . . . . . . . . .  9A.1 Introduction 
9A.2 Representative Grain Size for Riprap . 
9A.3 Relation between Velocity and Shear . . 
9 A . 4  Riprap Design on an Embankment . . . .  

. . .  9A.5 Design Aid for Side Slope Riprap 
. . . . . . . . . . . . .  9A.6 Filter Design 

9A.7 Straub's Equation for Clear-water Scour 
9A.8 Determination of Flow Parameters on an 

Embankment . . . . . . . . . . . . . .  



Chapter 

. . . . . . . .  10 UTILIZATION OF HYDROLOGIC INFORMATION SYSTEM 
10.1INTRODUCTION . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  10.2DATASTORAGE 
. . .  10.3 BASIC CONCEPTS OF A COMPUTERIZED DATA BASE SYSTEM 

. . . . . . .  10.4 CODASYL CONCEPTS OF DATA BASE MANAGEMENT 
10.5 DATA STORAGE AND RETRIEVAL SYSTEM FOR RIVER 

. . . . . . . . . . . . . . . . . . . .  BASINANALYSIS 
10.6 A CASE STUDY: THE YAZOO DATA STORAGE AND 

RETRIEVAL SYSTEM . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  11 WATER AND SEDIMENT ROUTING 
INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  

Page 

10-1 
10-1 
10-3 
10-7 
10-9 

10- 12 

10-12 

11-1 
11.1 

CLASSIFICATION OF FLOOD ROUTING METHODS . . . . . . . .  11-2 
NUMERICALMODELING . . . . . . . . . . . . . . . . . .  11-4 
TYPES OF FINITE DIFFERENCE SCHEMES . . . . . . . . . .  11-9 
STABILITYANDCONVERGENCE . . . . . . . . . . . . . . .  11-11 
WATER AND SEDIMENT ROUTING . . . . . . . . . . . . . .  11-15 
DEGRADATION BELOW A DAM (T OR C WILLIAMSBURG 
WATERSHED, NEWMEXICO) . . . . . . . . . . . . . . . .  11-19 
DEGRADATION AND AGGRADATION ASSOCIATED WITH 
GRAVEL MINING (SAN JUAN CREEK. CALIFORNIA) . . . . . .  11-31 

. . . . . . . . . . . . . . . . . .  12 SURFACE WATER HYDROLOGY 
12.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  
12.2 SPATIAL REPRESENTATION OF WATERSHEDS . . . . . . . . .  
12.3MODELCOMPONENTS . . . . . . . . . . . . . . . . . . .  
12.4 EXCESS RAINFALL ESTIMATION . . . . . . . . . . . . . .  
12.5 WATER ROUTING . . . . . . . . . . . . . . . . . . . . .  
12.6EXAMPLEOFAPPLICATION . . . . . . . . . . . . . . . .  
12.7 PEAK FLOOD PREDICTION FOR AN ARID WATERSHED . . . . . .  
12.8 DATA NEEDS . . . . . . . . . . . . . . . . . . . . . .  

13 WATERSHED SEDIMENT YIELD . . . . . . . . . . . . . . . . . . .  
INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  13-1 
TYPES OF APPROACH . . . . . . . . . . . . . . . . . . . .  13-8 
BASIC SEDIMENT ROUTING AND YIELD EQUATIONS . . . . . .  13-17 
MODEL APPLICATION . . . . . . . . . . . . . . . . . . .  13-24 
DATANEED . . . . . . . . . . . . . . . . . . . . . . .  13-24 
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . .  13-30 

14 STAGE DISCHARGE RELATIONSHIP . . . . . . . . . . . . . . . .  14-1 
THE EFFECT OF ALLWIAL BEDFORMS ON STAGE-DISCHARGE 
RELATIONS . . . . . . . . . . . . . . . . . . . . . . .  14-2 
DISCONTINUITIES IN STAGE-DISCHARGE RELATIONS 
DUETOBEDFORMSCHANGE . . . . . . . . . . . . . . . .  14-6 
HYSTERESIS PHENOMENON IN STAGE-DISCHARGE 
RELATIONS DUE TO CHANGING BEDFORMS . . . . . . . . . .  14-6 
EFFECT OF GRAVEL. SAND. OR SILT TRANSPORT IN 
DEPTH-DISCHARGE RELATIONS OF COBBLE AND BOULDER 
BED RIVERS . . . . . . . . . . . . . . . . . . . . . .  14-14 
EFFECT OF SCOUR AND FILL ON STAGE-DISCKARGE RELATIONS . 14-14 
DYNAMIC EFFECTS ON STAGE-DISCHARGE RELATIONS DUE 
TO UNSTEADY. NONUNIFORM FLOW IN BOTH RIGID AND 
ALLUVIAL CHANNELS . . . . . . . . . . . . . . . . . . .  14-25 



Page 

14.7 SOLUTION OF THE FULL DYNAMIC MOMENTUM EQUATION TO 
. . . . . . . .  DESCRIBE THE STAGE-DISCHARGE RELATION 

. . . . . . . . . .  14.8 CONVERSION FROM DISCHARGE TO STAGE 

. . . . . . . . . .  14.9 CONVERSION FROM STAGE TO DISCHARGE 
. . .  14.10 TEST RESULTS OF DYNAMIC STAGE-DISCHARGE RELATION 

14.11CONCLUSIONS . . . . . . . . . . . . . . . . . . . . .  

15 RESERVOIR SEDIMENTATION . . . . . . . . . . . . . . . . . .  
15.1 TYPES OF RESERVOIRS . . . . . . . . . . . . . . . . . .  
15.2VOLUMEOFDEPOSITION . . . . . . . . . . . . . . . . .  
15.3PATTERNSOFDEPOSITION . . . . . . . . . . . . . . . .  
15.4 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . .  



CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCTION 

The ri.ver and watersh ,ed system is an i nteg ral part of the dynamic 
ecosystem. Streamflows, sediment transport rates, and channel morphology 
reflect the major responses resulting from watershed management and/or 
river utilization activities. Knowledge of river mechanics, 
geomorphology, and watershed management is essential for formulating and 
selecting design alternatives by planners and/or engineers of the U.S. 
Soil Conservation Service (SCS). The basic principles affecting the 
dynamics and hydraulic response of streams to any natural conditions 
and/or man-made alteration are not generally covered in college 
curriculum, particularly at the undergraduate level. An understanding 
of stream mechanics is necessary for proper planning and design of any 
channel change. This is particularly true of work in natural streams, 
streams with bed load, and streams that carry heavy sediment loads. 
Analysis using principles of stream mechanics, which is a dynamic 
condition as compared to a static rigid-boundary condition, will provide 
more realistic designs that do not require excessive maintenance. In 
response to this need, the National Training Committee of the SCS has 
approved a training course on stream mechanics. Two courses have been 
conducted. The first course was held from August 13 to 24, 1979 and the 
second course from February 11 to 22, 1980. Positive comments and 
suggestions were made by the participants of the first two courses and 
the SCS has determined that such a course should be a part of the 
regular training courses offered in the future. This set of "class 
notes" will be utilized as the course reference for SCS personnel in the 
future. 

This reference can be used to teach the principles of stream 
dynamics and present quantitative procedures for analysis of channel 
modifications, etc. It reviews the dynamics of stream systems 
considering geologic, hydrologic, and hydraulic perspectives. Princi- 
ples of both rigid boundary and alluvial (movable bed) channels are 
presented. Effects and analysis of stream morphology, watershed, and 
river response are discussed. In addition, quantitative and qualitative 
analyses of stream response and stabilization are included for practical 
application to analyze all types of channel modifications encountered in 
SCS program work. 

The training course provides an awareness and understanding of the 
basic principles of watershed and river hyraulics and the dynamic 
boundary response. Upon completion of the training, the participant is 
able to : 

1. Identify and classify streams according to the hydraulic and 
bed material parameters, 

2. Outline the proper steps and physical parameters needed to 
analyze and design stream alterations for any purpose, and 



3. Prepare design concepts for stream modification features to 
serve irrigation, improve fisheries, maintain or minimize 
environmental effects created by man-made alterations, and 
control damage and destruction occurring through natural 
stream morphology. 

Lectures given in the second course February 11-22, 1980 were 
utilized to develop this manuscript. A brief description of the 
lectures and responsible lecturers follows. 

1. Overview of Stream Mechanics and River System Analysis by Dr. 
D. B. Simons 

Current methods of analysis - geomorphic, engineering, 
and modeling; physical processes important to the analysis; 
criteria for analysis - geomorphic, engineering, modeling 
(physical and mathematical models). 

2. The Fluvial System by Dr. S. A. Schumm 
A geomorphic perspective of the landscape with emphasis 

on the significance of time and the system concept. Consider- 
ation of the major independent variables that control landform 
evolution and morphology. 

3. Drainage Basin Morphology by Dr. S. A .  Schumm 
Quantitative description of drainage basin morphology and 

the components of a drainage basin (hillslopes, drainage 
networks). 

4. Open Channel Flow I and I1 by Dr. E. V. Richardson 
Fundamental equations of open-channel flow with 

application to steady uniform and non-uniform flow conditions. 
Particular emphasis on resistance to flow, flow through tran- 
sitions, water surface profile and importance of the Froude 
number. 

5. Channel Morphology I by Dr. S. A .  Schumm 
Description and classification of alluvial channels. 

- 

Effects of water and sediment discharge on c h a ~ e l  morphology. 

6. Channel Morphology I1 by Dr. S. A .  Schumm 
Unstable channels, river metamorphosis, and river pattern 

thresholds. Summary and applications of the geomorphic 
approach. 

7. Unsteady-Open-Channel Flow by Dr. V. M. Ponce 
Fundamentals of unsteady open-channel flow; overview of 

flood routing methods--governing equations, kinematic, 
dynamic, and inertial waves, Muskingum-Cunge Method. 

8. Numerical Modeling by Dr. V. M. Ponce 
Fundamentals of numerical modeling and its application to 

open-channel flow problems ; finite difference schemes ; 
explicit and implicit schemes; properties of numerical 
solution. 



Drainage Basin Dynamics by Dr. S. A. Schumm 
The erosional development of drainage networks and the 

influence of basin morphology on runoff and sediment yield. 
The complex response of drainage basins and the recognition of 
geomorphic thresholds. 

Sediment Transport I by Dr. D. B. Simons 
Definition of terms; characteristics of sediment; 

beginning of motion; suspended sediment, bed load, bed 
material transport, washload; methods of estimating sediment 
transport - Einstein, modified Einstein, Meyer-Peter, Mpller, 
Colby , stream power, and other methods. 

Sediment Transport I1 by Dr. D. B. Simons 
Evaluation of usefulness of methods; application of - - 

methods - Einstein, modified Einstein, colby, Meyer-Peter, 
Mgller and others; modification of methods for specific appli- 
cations - watersheds, rivers, and reservoirs. 
Surface Water Hydrology I and I1 by Dr. R. M. Li 

Governing physical processes of surface water; spatial 
representation of watersheds; distribution of rainfall; excess 
rainfall estimation; water routing; data needs; examples of 
application; programmable calculator programs. 

Watershed Water and Sediment Yield by Dr. R. M. Li 
Review of methods for estimating water and sediment 

yield; on-site soil erosion models; single and multiple water- 
shed models; data needs; parameter estimation; and model 
applications. 

Utilization of Hydrologic Information System by Dr. N. Duong 
Data storage and retrieval system for managing stage- - .  

discharge, discharge, stage, sediment, channel cross section, 
control structure, reservoir and precipitation data; query 
.language for easy access and retrieval of desired data. 

Resistance to Flow in Sand Bed Streams by Dr. E. V. Richardson 
Alluvium, sediment transport terms, bed configurations, 

and sediment properties; the effect of bed configuration and 
changes in bed configuration on sediment transport, resistance 
to flow, Manning's n, stage discharge relations, and flow 
velocity; methods of measuring sediment properties, the effect 
of sediment size, water temperatures, depth, and slope on bed 
form and these on resistance to flow and sediment transport. 

Resistance to  low in Cobble and Gravel Bed Streams by Dr. 
R. M. Li 

Scales of roughness; bed material characteristics; 
process of fluid mechanics - wave drag, free surface drag, and 
instabilities; roughness geometry; flow resistance equation; 
applications. 



Resistance to Flow in Vegetated Channel by Dr. N. Kouwen 
Retardance curves for selected vegetated condition; 

physically based resistance function; applications. 

Channel Morphology by Dr. E. V. Richardson 
The basic characteristic stream form, slope, velocity, 

cross section roughness and how they respond to natural and 
man-made changes. Methods of predicting qualitative and 
quantitative changes. 

Physical Processes Governing Watersheds and Channel Response 
by Dr. D. B. Simons 

Classification of watershed and rivers; physical - - 
processes governing watershed and channel response; major 
variables and principles of river mechanics governing channel 
response. 

Stage-Discharge Relationship by Mr. R. K. Simons 
Single and looped stage-discharge rating curves; factors 

affecting stage-discharge relationships; flow dynamic effects; 
backwater effects; sedimentation and erosion effects; 
reliability of stage-discharge relationships; application. 

Design of Static Equilibrium Channels by Dr. E. V. Richardson 
Details of the design of stable channels that will not 

transport sediment; problems associated with the design and 
the control of sediment. 

Design of Dynamic Equilibrium Channels I by Dr. D. B. Simons 
Major variables for channel design; qualitative order of 

magnitude analysis of forces affecting the response and 
stability of channels and river systems; discussion of the 
concept of stable alluvial channels - natural channels and 
canals. 

Design of Dynamic Equilibrium Channels I1 by Dr. D. B. Simons 
The dynamics of watershed and channel systems; the design 

of channels - beginning of motion, permissible velocity, 
regime concepts; design of systems; levels of analysis; data 
needs for analysis; data storage and retrieval systems; case 
studies. 

Design of Stable Channels with Vegetation by Dr. N. Kouwen 
Methods of design for stability - maximum permissible 

velocity, permissible tractive force, equivalent stone size, 
and maximum permissible depth; physically based method for 
determining stability; and practical considerations. 

Reservoir Sedimentation by Dr. D. B. Simons 
Physical processes; major variables - hydrologic, 

hydraulic, geometry of the system, sedimentation, and sediment 
transport; commonly accepted methods of analysis; state-of- 
the-art methodologies; methods of controlling reservoir 
sedimentation; effects of reservoir deposition on spillway 



design, flood control, hydro-power, and channel system - bank 
erosion, aggradation, and degradation; consolidation of 
reservoir sediments.- 

26. Response of River System t6 Watershed Development by Dr. R. M. 
L i - 

Qualitative response of river system; qualitative 
analysis of river response, quantitative analysis of river 
response. 

27. Water and Sediment Routing by Dr. R. M. Li 
Methods of water and sediment routing in rivers; 

degradation and aggradation analysis; general and local scour 
below dams. 

28. Channel Protection by Dr. E. V. Richardson 
The fundamentals of local and general scour and methods 

of predicting their magnitude; channel modifications to 
improve the flow line, decrease erosion and provide flood 
protection methods ; river training and si&ng of riprap, spurs 
and jetties. 

Each lecturer was responsible for preparing the class notes in 
consultation with Dr. Fred Theurer of SCS and Drs. Daryl B. Simons and 
Ruh-Ming Li of Colorado State University. The integrated class notes 
were edited and prepared by Drs. Daryl B. Simons and Ruh-Ming Li with 
capable assistance from Ms. Kris Schneider and Ms. Tammy McFall along 
with Ms. Janna Fullerton. Special thanks are due to Ms. Lee Ann 
Mitchell for typing the material. In order to provide the continuity of 
presented material in a systematic and orderly way, the sequence of 
chapters presented in this training reference has been modified from 
those of the second course. In addition, overlapping information has 
been eliminated. 



CHAPTER 2 

PHYSICAL PROCESSES GOVERNING WATERSHED 
AND CHANNEL RESPONSE 

2 . 1  INTRODUCTION 

Writ ten o r  mathematical d e s c r i p t i o n s  of a  n a t u r a l  system r e l y  on 
understanding t h e  phys i ca l  processes  t h a t  govern t h e  system. This  holds 
t r u e  f o r  c l ima to log ic ,  hydrologic ,  hydrau l i c ,  and b io log ic  systems. 
Only by recognizing and comprehending the  myriad of complex processes  
can a  system be c o r r e c t l y  analyzed and f u t u r e  reponse of t h e  system 
adequately es t imated .  

The f l u v i a l  system composed of a  watershed, channels ,  and those  
e n t i t i e s  t h a t  a c t  on and r e a c t  t o  them i s  a  prime example of a  h igh ly  
nonl inear  complex system. The f l u v i a l  system inc ludes  hydro logic ,  
hydrau l i c ,  geologic ,  s o i l ,  c l imato logic ,  b i o l o g i c ,  and man's i n f luences  
a s  subsystems o r  components. Each of t h e s e  components i s  governed by 
phys i ca l  processes  t h a t  o f t e n  a f f e c t  o t h e r  components. Because of t h e  
over lap  and complex na tu re  of t h e  processes ,  f l u v i a l  system components 
a r e  o f t e n  d i f f i c u l t  t o  f u l l y  understand.  However, c u r r e n t  knowledge of 
t h e  governing phys i ca l  processes  w i l l  permit  a  b e t t e r  d e p i c t i o n  of t h e  
f l u v i a l  system. 

I n  gene ra l ,  two types of forces  a r e  common t o  a l l  components of t h e  
f l u v i a l  system, those  r e s u l t i n g  from g r a v i t y  and those  r e s u l t i n g  from 
i n e r t i a ,  f r i c t i o n ,  and cohesion. Gravi ty i s  involved i n  r a i n f a l l ,  
i n f i l t r a t i o n ,  runof f ,  sediment movement, mass was t ing ,  weathering,  p l a n t  
growth, and man's a c t i v i t i e s .  Conversely, i n e r t i a ,  f r i c t i o n  and/or  
cohesive fo rces  sometimes counterac t  t h e  a c t i o n s  o f . g r a v i t y  by develop- 
i ng  flow r e s i s t a n c e ,  l a n d s l i d e  s t a b i l i t y ,  and e ros ion  r e s i s t a n c e .  
Because g r a v i t y  and f r i c t i on -cohes ion  f o r c e s  a f f e c t  many p roces ses ,  t h e  
e f f e c t s  can be e i t h e r  p o s i t i v e  o r  nega t ive .  For example, a l though 
g r a v i t y  promotes downslope water movement r e s u l t i n g  i n  s o i l  e r o s i o n ,  it 
a l s o  p reven t s  some s o i l  p a r t i c l e s  from being eroded due t o  t h e i r  weight.  

Severa l  approaches can be taken i n  d e l i n e a t i n g  and ana lyz ing  
phys i ca l  processes  t h a t  govern t h e  f l u v i a l  system. As a f i r s t  s t e p ,  
watersheds and r i v e r s  can be c l a s s i f i e d  i n t o  d i f f e r e n t  groups based on 
phys i ca l  c h a r a c t e r i s t i c s .  These c h a r a c t e r i s t i c s  a r e  u s u a l l y  a  d i r e c t  
r e s u l t  of t h e  phys i ca l  processes  t h a t  govern t h e  system and t h e r e f o r e  
provide an i n i t i a l  view of t he  c o n t r o l l i n g  phenomena. Once subdivided,  
watersheds and r i v e r s  can be descr ibed i n  terms of t h e  processes  t h a t  
con t ro l  t h e i r  response.  Af te r  t h e s e  processes  a r e  understood a s  we l l  a s  
p o s s i b l e ,  t h e i r  r e l a t i v e  importance can be eva lua ted .  For example, 
ra indrop  sp l a sh  is  o f t e n  an important process  i n  upland watershed 
e r o s i o n  b u t  has l i t t l e  i f  any e f f e c t  on a  l a r g e  r i v e r s  such a s  t h e  
M i s s i s s i p p i .  These important phys i ca l  processes  should be considered t o  
determine q u a l i t a t i v e  and q u a n t i t a t i v e  response o f  t h e  system. 



2.2 CLASSIFICATION OF WATERSHEDS AND RIVERS 

General  

C l a s s i f i c a t i o n  o f  watersheds  and r i v e r s  i s  u s u a l l y  based on 
observab le  p h y s i c a l  c h a r a c t e r i s t i c s .  These c h a r a c t e r i s t i c s  a r e  t h e  
r e s u l t  o f  governing p h y s i c a l  p r o c e s s e s  ( i n c l u d i n g  man's i n f l u e n c e )  t h a t  
determine system c o n f i g u r a t i o n .  

C l a s s i f i c a t i o n  systems u t i l i z e  q u a l i t a t i v e  and q u a s i - q u a n t i t a t i v e  
d e s c r i p t i o n s .  Q u a l i t a t i v e  d e s c r i p t i o n s  a r e  t h o s e  t h a t  i d e n t i f y  e a s i l y  
v i s u a l i z e d  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  d e s c r i b e d  system.  Examples 
of t h e s e  a r e  d e s c r i p t i v e  terms f,or r i v e r s  such a s  meandering,  s t r a i g h t ,  
and b r a i d e d .  Q u a s i - q u a n t i t a t i v e  d e s c r i p t i o n s  use  numerical  v a l u e s  t o  
r e l a t e  q u a l i t a t i v e  d e s c r i p t i o n s  t o  one a n o t h e r .  For  example, a  r i v e r  
w i t h  a  c e r t a i n  degree  of s i n u o s i t y ,  s l o p e ,  and c h a r a c t e r i s t i c  d i s c h a r g e  
can be  c l a s s i f i e d  a s  meandering based on t h e  v a l u e s  o f  t h e s e  v a r i a b l e s .  
Use of q u a n t i t a t i v e  means of d e s c r i p t i o n  a l lows  comparisons between 
a r e a s  on a  more t h e o r e t i c a l  and l e s s  s u b j e c t i v e  b a s i s .  

C l a s s i f i c a t i o n s  r e f l e c t  morphology of  t h e  system i n  q u e s t i o n .  
Although p h y s i c a l  p r o c e s s e s  c o n t r o l l i n g  watershed and r i v e r  systems 
o v e r l a p  c o n s i d e r a b l y ,  each  has  a  set of p r o c e s s e s  t h a t  i s  ex t remely  
impor tan t .  T h e r e f o r e ,  c l a s s i f i c a t i o n  systems f o r  wa te r sheds  and r i v e r  
channels  can p rov ide  c o n s i d e r a b l e  i n s i g h t  i n t o  t h e  c o n t r o l l i n g  p h y s i c a l  
p r o c e s s e s .  

Watershed C l a s s i f i c a t i o n  

There  a r e  many f a c t o r s  t h a t  combine t o  c h a r a c t e r i z e  a  watershed 
(F igure  2-1).  However, a t  p r e s e n t  t h e r e  does n o t  seem t o  be  a  widely  
accep ted  o r  employed c l a s s i f i c a t i o n  system used t o  c a t e g o r i z e  upland 
watersheds  due t o  t h e  wide d i v e r s i t y  o f  watersheds  and watershed condi-  
t i o n s  and t h e  more i n t e n s e  i n t e r e s t  i n  r i v e r  c l a s s i f i c a t i o n  systems.  
However, a s  t h e  Uni ted S t a t e s  p o p u l a t i o n  expands and i n t e r e s t  i n  
environmental  i s s u e s  i n c r e a s e s ,  more emphasis w i l l  be  p l a c e d  on w a t e r ,  
minera l  r e s o u r c e s ,  t i m b e r ,  energy ,  r e c r e a t i o n ,  and r e s i d e n t i a l  u s e s  on 
upland wate r sheds .  Th is  w i l l  n e c e s s i t a t e  a  b e t t e r  u n d e r s t a n d i n g  of 
p r o c e s s e s  and responses .  Such a n  unders tand ing  can be  p a r t i a l l y  
a t t a i n e d  th rough  b e t t e r  c l a s s i f i c a t i o n  schemes. 

Research h a s  i d e n t i f i e d  v a r i o u s  methods f o r  q u a n t i f y i n g  wate r sheds  
accord ing  t o  morphological  measures.  Horton (1945) was one o f  t h e  f i r s t  
t o  recognize  and u t i l i z e  t h e  r e l a t i o n s h i p  between s t ream o r d e r  and 
number and l e n g t h  o f  s t reams  i n  t h a t  o r d e r .  I n  g e n e r a l ,  d r a i n a g e  a r e a  
and s t ream l e n g t h  i n c r e a s e  a s  t h e  s t ream o r d e r  i n c r e a s e s .  But a s  s t r e a m  
o r d e r  i n c r e a s e s ,  t h e  number o f  s t reams i n  t h a t  o r d e r  d e c r e a s e s .  Qua l i -  
t a t i v e l y ,  t h i s  means t h a t  a  l a r g e  s t ream has  a  l a r g e  d r a i n a g e  b a s i n  and 
i s  l o n g e r  t h a n  a  smal l  s t r eam.  However, t h e  Horton a n a l y s i s  of a  
d r a i n a g e  b a s i n  does n o t  p r o v i d e  a  q u a n t i t a t i v e  b a s i s  f o r  t h e s e  q u a l i t a -  
t i v e  o b s e r v a t i o n s .  Langbein e t  a l .  (1947) and S t r a h l e r  (1952, 1957) 
developed methods f o r  de te rmin ing  a d d i t i o n a l  watershed i n d i c e s .  Many of 
t h e  most wide ly  used morphological  c h a r a c t e r i s t i c s  and t h e i r  r e l a t e d  
measurement t e c h n i q u e s  have been summarized by Chow (1964). Some of 





wide ly  used c h a r a c t e r i s t i c s  i n c l u d e  watershed a r e a ,  s t r eam l e n g t h ,  
average main s t ream s l o p e ,  d r a i n a g e  d e n s i t y  (mi les  of s t ream p e r  s q u a r e  
mi le  of watershed a r e a ) ,  watershed shape such a s  c i r c u l a r i t y  r a t i o  
( r a t i o  of b a s i n  a r e a  t o  a r e a  of c i r c l e  w i t h  same p e r i m t e r  a s  b a s i n ) ,  and 
watershed s l o p e  (such a s  average over land s l o p e  o r  r e l i e f  r a t i o  which i s  
t h e  t o t a l  watershed r e l i e f  d i v i d e d  by t h e  d i s t a n c e  from t h e  o u t l e t  t o  
t h e  f u r t h e s t  p o i n t  on t h e  b a s i n  d i v i d e ) .  

L i t t l e  more i n  t h e  way of watershed c l a s s i f i c a t i o n  has  been 
u t i l i z e d  beyond morphological  measures.  However, a watershed cannot  be  
complete ly  d e s c r i b e d  by t h e s e  measures a l o n e .  I n d i c e s  o f  s o i l s ,  
geology,  v e g e t a t i o n ,  hydrology,  and h y d r a u l i c s  a r e  a l s o  needed t o  more 
a c c u r a t e l y  d e s c r i b e  t h e  watershed.  Pfankuch (1975) and Rosgen (1975) 
p r e s e n t e d  methods f o r  d e l i n e a t i n g  impor tan t  watershed channel  c h a r a c t e r -  
i s t i c s  t h a t  can  l e a d  t o  numerical  and d e s c r i p t i v e  c l a s s i f i c a t i o n s  o f  t h e  
channe l s .  Th i s  i s  a p o s i t i v e  s t e p  t h a t  should  be  extended t o  o t h e r  
p a r t s  of t h e  watershed system.  For example, a r a t i n g  system o r  c l a s s i -  
f i c a t i o n  o f  sediment  s o u r c e s  and y i e l d s  from wate r sheds  would a i d  i n  
d e s c r i b i n g  t h i s  a s p e c t .  Simons, Ward, and L i  (1979) have d e l i n e a t e d  
impor tan t  s o u r c e s  of sediment i n  wa te r sheds .  However, more e f f o r t  t o  
e s t a b l i s h  a q u a n t i f i c a t i o n  scheme i s  needed. 

I t  i s  p o s s i b l e  u s i n g  exper ience  gained from y e a r s  of f i e l d  
i n s p e c t i o n s  and modeling t o  develop a framework o f  watershed c l a s s i f i c a -  
t i o n .  T h i s  proposed framework (Table 2-1) i s  based on t h e  p r imary  needs 
of modeling and q u a n t i f y i n g  d e s c r i p t i o n s  a s  determined from p a s t  
exper ience .  

Tab le  2-1. Proposed frameworks f o r  c l a s s i f i c a t i o n  of wa te r sheds .  

Key Component P o s s i b l e  D e s c r i p t o r s  

~p 

GEOHETRY 

SOIL 

GEOLOGY 

VEGETATION 

CLIMATE 

HYROLOGY 

SEDIMENT YIELD 

MAN'S INFLUENCE 

L o c a t i o n ,  a r e a ,  s l o p e ,  d r a i n a g e  d e n s i t y ,  l e n g t h  
of s t r e a m s ,  channel c h a r a c t e r i s t i c s  

Type, d i s t r i b u t i o n ,  dominant s i z e ,  e r o s i v i t y ,  
d e p t h ,  t e x t u r e  

Bedrock and s u r f i c i a l  t y p e s  and d i s t r i b u t i o n ,  
s t r u c t u r e ,  e f f e c t s  on hydrology and s o i l s  

Overs to ry  and u n d e r s t o r y  t y p e s  and d i s t r i b u t i o n ,  
i n t e r c e p t i o n ,  t r a n s p i r a t i o n ,  s t a g e  of s u c c e s s i o n  

P r e c i p i t a t i o n  t y p e ,  s e a s o n a l  o c c u r r e n c e ,  d u r a t i o n ,  
f requency ,  t empera tu re ,  e v a p o r a t i o n  

S u r f a c e  w a t e r ,  groundwater,  i n f i l t r a t i o n  i n t e r f l o w ,  
peak d i s c h a r g e s ,  y e a r l y  hydrographs ,  ephemeral  o r  
p e r e n n i a l  d i s c h a r g e  

Sources ,  e r o s i o n  and t r a n s p o r t  mechanisms, sediment  
hydrograph c h a r a c t e r i s t i c s  

Degree of development, t y p e  of development o r  
c o n s t r u c t i o n  a c t i v i t y ,  impacts on o t h e r  components 



A s  Table 2-1 i n d i c a t e s ,  t h e r e  is  t h e  p o s s i b i l i t y  f o r  many 
combinations of components f o r  watershed c l a s s i f i c a t i o n .  Such a system 
provides a common b a s i s  f o r  comparison of d i f f e r e n t  watersheds. For 
example, a watershed may be c l a s s i f i e d  according t o  Table 2-2. 

Although Table 2-2 presen t s  genera l  d e s c r i p t i o n s ,  it i l l u s t r a t e s  
t he  myriad p i eces  of information needed t o  f u l l y  desc r ibe  and c l a s s i f y  a 
watershed. 

River  C l a s s i f i c a t i o n  

I n  c o n t r a s t  t o  the  l ack  of a widely used watershed c l a s s i f i c a t i o n  
system a r e  t h e  numerous schemes appl ied  t o  r i v e r s .  Davis (1899) f i r s t  
suggested t h a t  r i v e r s  could be d iv ided  i n t o  t h r e e  s t a g e s :  youth,  
ma tu r i t y ,  and o ld  age. These s t a g e s  were l a t e r  subdivided based on t h e  
presence o r  absence of r ap ids ,  f a l l s ,  meanders, oxbow l a k e s ,  f lood  
p l a i n s ,  canyons, and o the r  f a c t o r s .  I n  general  a stream can range from 
youth t o  o ld  age a s  i t  flows from watershed t o  ocean. 

Although t h i s  system does no t  account f o r  s p a t i a l  v a r i a b i l i t y ,  it 
provides an  i n i t i a l  common c l a s s i f i c a t i o n  1-anguage. Thornbury (1969) 
presented common v a l l e y  c l a s s i f i c a t i o n s  based on land  su r f ace  develop- 
ment. Although not  p r e c i s e l y  analagous, t h e s e  su r f ace  p a t t e r n s  a r e  
o f t e n  used f o r  stream c l a s s i f i c a t i o n .  These p a t t e r n s  a r e  recognized a s  
an tecedent ,  superposed, consequent,  and subsequent.  Antecedent s t reams 
o r  v a l l e y s  a n t i d a t e  s t r u c t u r e s  t h a t  they  c u t  a c r o s s ,  such a s  a v a l l e y  
through an updomed area  o r  a f a u l t  zone. A superposed s t ream extends 
ac ros s  s t r u c t u r e s  t h a t  a r e  o lde r  than  t h e  stream b u t  were covered by t h e  
o r i g i n a l  stream bed ma te r i a l .  Erosion even tua l ly  removed t h i s  
ma te r i a l  and superposed the  r i v e r  on t h e  s t r u c t u r e .  Consequent 
streams a r e  a r e s u l t  of i n i t i a l  land s l o p e ,  while  subsequent s t reams 
have been s h i f t e d  from o r i g i n a l  consequent courses  t o  ones fol lowing 
weaker b e l t s  of rocks.  

Schumm (1963, 1971) quan t i f i ed  t h e  s t ream types by us ing  d ischarge  
and type of sediment load (Table 2-3) .  These two independent v a r i a b l e s  
determine a l l u v i a l  channel (compared with bedrock channels t h a t  a r e  con- 
t r o l l e d  by the  rock and i t s  s t r u c t u r e )  morphology o r  how t h e  s t ream 
shapes i t s  channel .  

Simons e t  a l .  (1975) d i scusses  how r i v e r s  o r  segments of r i v e r s ,  
can a l s o  be c l a s s i f i e d  a s  s t r a i g h t ,  meandering, b ra ided ,  o r  some 
combination of t hese  (Figure 2-2). Reaches of a r i v e r  t h a t  a r e  r e l a -  
t i v e l y  s t r a i g h t  over a long d i s t ance  a r e  gene ra l ly  uns t ab le ,  a s  a r e  
d iv ided  flow reaches and those with r ap id ly  migra t ing  bends. Long 
s t r a i g h t  reaches can be c rea t ed  by n a t u r a l  o r  man-made cu t -o f f s  of 
meander loops when long reaches of s inuous meandering channels wi th  
r e l a t i v e l y  f l a t  s lopes  a r e  converted t o  s h o r t e r  reaches wi th  s t e e p e r  
s l o p e s .  S t r a i g h t  reaches can a l s o  be man-induced by c o n t r a c t i o n  works 
such a s  d ikes  and revetment used t o  reduce o r  c o n t r o l  s i n u o s i t y .  



Table  2-2. Example of a watershed c l a s s i f i c a t i o n  u s i n g  component sys tem 
proposed i n  Table  2-1. 

Key Component 
-- -~p 

S e l e c t e d  D e s c r i p t o r s  

GEOMETRY Area = 10 s q .  m i l e s  
Average channel  s l o p e  = 0 . 0 5  
Average over land  s l o p e  = 0 .25  
Narrow, deep channe l ;  wid th /dep th  = 3 

SOIL 

GEOLOGY 

VEGETATION 

CLIMATE 

HYDROLOGY 

Grave l ly  sand loam predomina tes ,  sand s i z e s  
predominate  

Moderately e r o d i b l e  ( g r a v e l  o f f e r s  p r o t e c t i o n )  
T y p i c a l l y  20"-30" deep 

G r a n i t i c  rocks--primarily g r a n o d i o r i t e  
some b a s a l t  f lows 

Major f a u l t  i n  watershed and b a s a l t - g r a n o d i o r i t e  
c o n t a c t  p rov ides  zones of groundwater d i s c h a r g e  

Ponderosa p i n e  (second growth) o v e r s t o r y  
Minimal u n d e r s t o r y  from r e c e n t  f i r e  
S i x t y  p e r c e n t  canopy cover  
F o r t y  p e r c e n t  ground cover  

N 

Winter snowfa l l  - 70% of  y e a r l y  t o t a l  - 
S p r i n g  r a i n  showers - 15% of y e a r l y  t o t a l  

N 

Summer thunders torms - 15% of y e a r l y  t o t a l  
N 

Year ly  p r e c i p i t a t i o n  average  - 25 i n c h e s  
Average January  minimum tempera tu re  = 10' F. 
Average J u l y  maximum tempera tu re  = 83' F.  

Mixed ground and s u r f a c e  w a t e r  f low 
Geologic c o n t r o l s  f o r c e  most of groundwater t o  

s u r f a c e  a t  b a s i n  mouth 
Ephemeral s t ream 
Storm flow c o n t r o l l e d  by i n t e r f l o w  

SEDIMENT YIELD P r i m a r i l y  s u r f a c e  and r i l l  e r o s i o n  
A few s m a l l  l a n d s l i d e s ,  l i t t l e  channe l  e r o s i o n  
Bedload t r a n s p o r t  of sand s i z e  p a r t i c l e s  

MAN'S INFLUENCE Increased  e r o s i o n  n e a r  a n  unpro tec ted  roadway 
Some s o i l  d i s t u r b a n c e  on logged a r e a s  



Table 2-3. C l a s s i f i c a t i o n  of a l l u v i a l  channels .  

Mode of Channel S t a b i l i t y  
Sediment Channel Bedload 
Transport  Sediment (Percentage Eroding 

and Type of (n) of T o t a l  S t a b l e  Deposi t ing (Deficiency 
Channel Percent  Load) (Graded Stream) (Excess Load) of Load) 

Suspended 
Load 

S t a b l e  suspended-load Depos i t ing  suspended Eroding suspended-load 
channel .  Width-depth load  channel .  Major channel .  Streambed 
r a t i o  l e s s  t han  10;  d e p o s i t i o n  on banks e r o s i o n  predominant ; 
s i n u o s i t y  u s u a l l y  cause narrowing of i n i t i a l  channel widen- 
g r e a t e r  t han  2 . 0 ;  channel ;  i n i t i a l  i n g  minor. 
g r a d i e n t  r e l a t i v e l y  streambed d e p o s i t i o n  
g e n t l e .  minor. 

S t a b l e  mixed-load Depos i t ing  mixed-load Eroding mixed-load 
channel .  Width-depth channel .  I n i t i a l  major channel .  I n i t i a l  s t ream- 
r a t i o  g r e a t e r  t han  10; d e p o s i t i o n  on banks bed eroson fol lowed by r;.l 

Mixed Load 5-20 3- 11 l e s s  t han  40; s inuos-  followed by streambed channel widening. --I 

i t y  u s u a l l y  l e s s  t han  d e p o s i t i o n .  
2 . 0 ;  g r e a t e r  than  1.3; 
g r a d i e n t  moderate. 

S t a b l e  bed load Depos i t ing  bed load  Eroding bed load  channel .  
channel .  Width-depth channel .  Streambed L i t t l e  streambed e r o s i o n ;  

Bed Load 5 11 r a t i o  g r e a t e r  than  40; depos i t i on  and i s l a n d  channel  widening 
s i n u o s i t y ,  u sua l ly  l e s s  format ion .  predominant.  
t h a n  1 . 3 ;  g rad ien t  
r e l a t i v e l y  s t e e p .  



a )  Bro~ded b) Straight c) Meandering 

F i g u r e  2-2. T y p i c a l  r i v e r  channel p a t t e r n s  ( a f t e r  Simons e t  a l . ,  1975) .  

A b r a i d e d  channel  i s  r e l a t i v e l y  wide w i t h  p o o r l y  d e f i n e d  u n s t a b l e  
banks and c h a r a c t e r i z e d  by a  s t e e p ,  shal low wate r  c o u r s e  w i t h  m u l t i p l e  
channel  d i v i s i o n s  around a l l u v i a l  i s l a n d s .  B r a i d i n g  i s  one p a t t e r n  t h a t  
can m a i n t a i n  q u a s i - e q u i l i b r i u m  among t h e  v a r i a b l e s  o f  d i s c h a r g e ,  s e d i -  
ment l o a d ,  and t r a n s p o r t  c a p a c i t y .  Lane (1957) concluded two pr imary 
causes  f o r  t h e  b r a i d e d  c o n d i t i o n  g e n e r a l l y  a r e :  1) t h e  s t ream i s  
s u p p l i e d  w i t h  more sediment t h a n  i t  can c a r r y ,  r e s u l t i n g  i n  d e p o s i t i o n  
of p a r t  of t h e  l o a d  and 2)  s t e e p  s l o p e s  t h a t  produce a  wide sha l low 
channel  where b a r s  and i s l a n d s  r e a d i l y  form. 

One o r  b o t h  f a c t o r s  could be  r e s p o n s i b l e  f o r  a  b r a i d e d  p a t t e r n .  If 
t h e  channel  i s  over loaded w i t h  sediment ,  d e p o s i t i o n  e n s u e s ,  t h e  bed 
aggrades ,  and channel  s l o p e  i n c r e a s e s  i n  an  e f f o r t  t o  m a i n t a i n  a  graded 
c o n d i t i o n .  As t h e  channel  s t e e p e n s ,  t h e  v e l o c i t y  i n c r e a s e s  and m u l t i p l e  
channels  develop and cause  t h e  o v e r a l l  channel  system t o  b r a i d .  
M u l t i p l e  channe l s  t h a t  form when b a r s  of sediment  accumulate  w i t h i n  t h e  
main channel  a r e  g e n e r a l l y  u n s t a b l e  and change p o s i t i o n  o v e r  t ime  and 
w i t h  s t a g e  f l u c t u a t i o n s .  

Another cause  o f  b r a i d i n g  i s  e a s i l y  eroded banks .  If t h e  banks a r e  
e a s i l y  eroded such  a s  sand and g r a v e l  banks ,  t h e  s t ream widens a t  h igh  
flow and d u r i n g  p e r i o d s  o f  low f low b a r s  form t h a t  may become s t a b i l i z e d  
by armoring and v e g e t a t i o n ,  forming i s l a n d s .  I n  g e n e r a l ,  a  b r a i d e d  
channel  has  a  s t e e p  s l o p e ,  l a r g e  bed-mate r ia l  load  i n  comparison w i t h  
suspended l o a d ,  and r e l a t i v e l y  smal l  amounts of s i l t s  and c l a y  i n  t h e  
bed and banks.  The e x a c t  response o f  a  b r a i d e d  s t ream i s  d i f f i c u l t  t o  
p r e d i c t  because  it i s  u n s t a b l e ,  r a p i d l y  changes a l ignment ,  c a r r i e s  l a r g e  
q u a n t i t i e s  of sediment ,  and i s  wide and sha l low even a t  f l o o d  f low.  

A meandering channe l  i s  one t h a t  c o n s i s t s  of a l t e r n a t i n g  bends 
g i v i n g  a n  S-shaped appearance t o  t h e  p l a n  view of  t h e  r i v e r .  Lane 
(1957) concluded t h a t  a  meandering s t ream has  a  channel  a l ignment  
c o n s i s t i n g  p r i n c i p a l l y  of pronounced bends ,  t h e  shapes  of determined 
predominant ly  by t h e  v a r y i n g  n a t u r e  o f  t e r r a i n .  The meandering r i v e r  
c o n s i s t s  of a  s e r i e s  of deep p o o l s  i n  t h e  bends and sha l low c r o s s i n g s  i n  
t h e  s h o r t  s t r a i g h t  r e a c h  connec t ing  t h e  bends .  The thalweg f lows from a  



pool through a  c ros s ing  t o  t h e  next  pool ,  forming t h e  t y p i c a l  S-curve of 
a  s i n g l e  meander loop.  

As shown schemat ica l ly  i n  Figure 2-2, the  pools  tend  t o  be 
r e l a t i v e l y  t r i a n g u l a r  i n  s e c t i o n  wi th  p o i n t  ba r s  l oca t ed  on t h e  i n s i d e  
o f  t h e  bend. I n  t h e  c ross ing  the  channel tends t o  be more r ec t angu la r ,  
widths a r e  g r e a t e r  and depths a r e  r e l a t i v e l y  shallow. During pe r iods  of 
low flow l o c a l  s lope  i s  s t eepe r  and v e l o c i t i e s  a r e  l a r g e r  i n  t h e  
c ros s ings  than  i n  t h e  pools .  A t  low s t ages  t h e  thalweg i s  l oca t ed  very  
c l o s e  t o  t h e  ou t s ide  of t he  bend. A t  h igher  s t a g e s ,  t he  thalweg tends  
t o  s t r a i g h t e n .  More s p e c i f i c a l l y ,  t h e  thalweg moves away from t h e  
o u t s i d e  of t h e  bend encroaching on t h e  p o i n t  ba r  t o  some degree.  I n  
extreme cases ,  s h i f t i n g  of t h e  cu r r en t  causes chute channels  t o  develop 
ac ros s  t h e  p o i n t  b a r  a t  high s t a g e s .  I n  t h e  c r o s s i n g s ,  t h e  channel i s  
r e l a t i v e l y  more shallow than i n  t h e  pools  and banks may be more s u b j e c t  
t o  e ros ion .  

Because of t h e  phys ica l  c h a r a c t e r i s t i c s  of s t r a i g h t ,  b r a ided ,  and 
meandering s t reams,  a l l  n a t u r a l  channel p a t t e r n s  i n t eg rade .  Although 
b ra id ing  and meandering p a t t e r n s  a r e  s t r i k i n g l y  d i f f e r e n t ,  they  a c t u a l l y  
r ep re sen t  extremes i;l a  continuum of channel p a t t e r n s .  Assuming t h a t  
t h e  p a t t e r n  of a  stream i s  determined by t h e  i n t e r a c t i o n  of numerous 
v a r i a b l e s  whose range i n  na tu re  i s  cont inuous,  it i s  n o t  s u r p r i s i n g  t h a t  
a  r i v e r  may e x h i b i t  b ra id ing ,  s t r a i g h t ,  and meandering forms. A l t e r a -  
t i o n  of t h e  c o n t r o l l i n g  parameters i n  a  reach can change t h e  c h a r a c t e r  
of a  given s t ream from meandering t o  bra ided  o r  t h e  r eve r se .  S tud ie s  
have q u a n t i f i e d  t h i s  concept of a  continuum of channel p a t t e r n s .  Khan 
(1971) r e l a t e d  s i n u o s i t y ,  s lope ,  and channel p a t t e r n  (F igure  2-3). Any 
n a t u r a l  o r  a r t i f i c i a l  change t h a t  a l t e r s  channel s lope  such a s  t h e  
cu tof f  of a  meander loop,  can r e s u l t  i n  modi f ica t ions  t o  t h e  e x i s t i n g  
r i v e r  p a t t e r n .  A cutof f  i n  a  meandering channel sho r t ens  channel l eng th  
i . e . ,  i nc reases  s lope ,  and tends  t o  move p l o t t i n g  p o s i t i o n  of t h e  r i v e r  
t o  t h e  r i g h t  on Figure 2-3.  This  i n d i c a t e s  a  tendency t o  evolve from a  
c o n t r o l l a b l e  meandering p a t t e r n  t o  a  l e s s  c o n t r o l l a b l e  bra ided  p a t t e r n  
t h a t  r ap id ly  v a r i e s  with t ime,  has high v e l o c i t i e s ,  i s  subdivided by 
sandbars ,  and c a r r i e s  r e l a t i v e l y  l a r g e  q u a n t i t i e s  of sediment.  
Conversely, a  decrease i n  s lope  could change an uns t ab le  bra ided  r i v e r  
i n t o  a  more s t a b l e  meandering p a t t e r n .  

I Meonderinp Tholweg 

Slope --c 

Figure  2-3. Sinuos i ty  compared with s lope  wi th  cons t an t  d i scharge  
r e l a t i v e  t o  channel p a t t e r n s  (channel p a t t e r n s  a r e  
i l l u s t r a t e d  i n  F igure  2 -2 ) .  



Lane (1957) sugges ted  r e l a t i o n s h i p s  among s l o p e ,  d i s c h a r g e ,  and 
channel p a t t e r n s  i n  meandering and b r a i d e d  s t reams  and observed t h a t  a n  
e q u a t i o n  of t h e  form 

f i t s  a l a r g e  amount of d a t a  from meandering sand s t r e a m s .  Here S is  
t h e  channel  s l o p e ,  Q i s  t h e  wa te r  d i s c h a r g e ,  and K i s  a c o n s t a n t .  
F i g u r e  2-4 summarizes Lane ' s  r e s u l t s .  I f  a r i v e r  i s  meandering w i t h  a 
d i s c h a r g e  and s l o p e  t h a t  b o r d e r s  on t r a n s i t i o n a l ,  a r e l a t i v e l y  s m a l l  
i n c r e a s e  i n  channel  s l o p e  could  i n i t i a t e  a tendency toward a t r a n s i -  
t i o n a l  o r  b r a i d e d  c h a r a c t e r .  
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Figure  2-4.  S lope-d i scharge  r e l a t i o n  f o r  b r a i d i n g  
sand bed s t reams  (Lane, 1957) .  

o r  meandering i n  

Another c l a s s i f i c a t i o n  scheme t h a t  u s e s  v e g e t a t i o n  p a t t e r n ,  
s i n u o s i t y ,  and bank c h a r a c t e r i s t i c s  has  been proposed by C u l b e r t s o n ,  
Young, and Br ice  (1967.). T h e i r  c o n t r i b u t i o n  i s  summarized i n  F i g u r e  
2-5. Using t h i s  approach,  a more d e s c r i p t i v e  c l a s s i f i c a t i o n  can be 
developed. 

There  a r e  o t h e r  more complex c l a s s i f i c a t i o n  schemes a v a i l a b l e  ( e . g .  
Garg, 1972) .  Many of  t h e s e  have been compiled by Rundquis t  (1975).  
However, no m a t t e r  what c l a s s i f i c a t i o n  scheme i s  used ,  i t  shou ld  be  
remembered t h a t  c l a s s i f i c a t i o n  o n l y  a p p l i e s  t o  t h a t  segment b e i n g  
analyzed.  ~ e c a u s e  r i v e r  channels  a r e  v e r y  dynamic, t h e  r i v e r  form can 
change d r a m a t i c a l l y  from l o c a t i o n  t o  l o c a t i o n ,  i n  t u r n  changing c l a s s i -  
f i c a t i o n .  

Watershed and r i v e r  channel  c l a s s i f i c a t i o n  systems a r e  a r e f l e c t i o n  
of t h e  p h y s i c a l  p r o c e s s e s  t h a t  govern t h e i r  obse rvab le  c h a r a c t e r i s t i c s .  
Unders tanding p h y s i c a l  p r o c e s s e s  a i d s  i n  c l a s s i f y i n g  a s  w e l l  a s  d e t e r -  
mining f u t u r e  response  of t h e  system t o  n a t u r a l  or man-induced changes .  
Response o f  t h e  system h a s  been b r i e f l y  p r e s e n t e d  i n  F i g u r e s  2-3 and 
2-4. However, a more c o n c i s e  undersganding of c o n t r o l l i n g  f a c t o r s  i s  
needed b e f o r e  t h e  e n t i r e  response o f  t h e  system can be p r e d i c t e d .  

2 . 3  PHYSICAL PROCESSES GOVERNING WATERSHED RESPONSE 

Governing p h y s i c a l  p r o c e s s e s  o r  q u a n t i t i e s  i n  wa te r sheds  can  be 
d i v i d e d  i n t o  seven broad groups of topography,  s o i l s ,  geology,  v e g e t a -  
t i o n ,  c l i m a t i c  c o n d i t i o n s ,  hydrology and h y d r a u l i c s ,  and man's 
i n f l u e n c e .  These d i v i s i o n s  a r e  s i m i l a r  t o  t h o s e  p r e s e n t e d  i n  T a b l e  2-1 



( a )  Variabil ity o f  Unveqetated Channel Width: Channel Pattern o l  

Normal Discharge 

( b )  Bra id ing Po t te rns  

( C )  T y p e s  of S ~ n u o s i t i e s  

Figure  2-5. C l a s s i f i c a t i o n  of r i v e r  channels  ( a f t e r  Culber tson 
e t  a l . ,  1967).  
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and a r e  r e c o n s i d e r e d  a s  a c t u a l  p h y s i c a l  p r o c e s s e s  t h a t  govern t h e  
response of a  watershed.  Because a l l  p a r t s  of a  n a t u r a l  sys tem a r e  
i n t e r r e l a t e d  t o  some d e g r e e ,  t h e r e  i s  o v e r l a p  between groupings  t h a t  i s  
n o t  d e t a i l e d .  

Topography i n c l u d i n g  l a n d  and channel  s l o p e s ,  a s p e c t ,  and s u r f a c e  
and channel  geometry i s  a n  e x p r e s s i o n  of morphological ,  g e o l o g i c ,  and 
o t h e r  e r o s i v e  f o r c e s  t h a t  have a c t e d  on t h e  wa te r shed .  I n  t u r n  t h e s e  
f o r c e s  a r e  modif ied by t h e  topography t h e y  have c r e a t e d .  For  example, 
channel  s l o p e  governs wa te r  d i s c h a r g e  r a t e  and sediment  t r a n s p o r t  r a t e .  
Conversely ,  d i s c h a r g e  r a t e  and sediment t r a n s p o r t  can a l t e r  channel  form 
t o  produce a  new s l o p e .  Aspects  of l and  s u r f a c e s  i n f l u e n c e  v e g e t a t i v e  
growth and s o i l  mois tu re  c o n d i t i o n s ,  t h a t  i n  t u r n  a f f e c t  wa te r  y i e l d .  
Channel and s u r f a c e  geometry a f f e c t  dep th  and v e l o c i t y  of w a t e r  f low,  
t h u s  a l t e r i n g  sediment t r a n s p o r t .  

S o i l s  

Watershed s o i l  c h a r a c t e r i s t i c s  depend t o  a  l a r g e  e x t e n t  on t h e  
p a r e n t  geo log ic  m a t e r i a l s  and predominant wea ther ing  p r o c e s s e s .  For 
example, l i g h t - c o l o r e d  s i l a c e o u s  t y p e  igneous  rock w i l l  u s u a l l y  produce 
more g r a n u l a r  m a t e r i a l s  t h a n  igneous rock c o n t a i n i n g  r e l a t i v e l y  h i g h e r  
p r o p o r t i o n s  of da rk-co lored  m i n e r a l s .  Th i s  i s  caused by chemical  
r e a c t i o n s  and fo rmat ion  of c l a y  m a t e r i a l s  from c o n s t i t u e n t  m i n e r a l s  
compris ing t h e  r o c k s .  Abundance o r  l a c k  o f  c l a y  m i n e r a l s ,  a f f e c t  t h e  
s o i l  p r o p e r t i e s  t h a t  govern o r  i n f l u e n c e  watershed response  o r  o t h e r  
p r o c e s s e s .  I n f i l t r a t i o n  i s  a  key example of a  p r o c e s s  c o n t r o l l e d  by 
s o i l  c h a r a c t e r i s t i c s .  I n  g e n e r a l  s a n d i e r ,  more porous  s o i l s  have h i g h e r  
i n f i l t r a t i o n  r a t e s  t h a n  do c l a y  t y p e s .  Th i s  d i f f e r e n t i a t i o n  t e n d s  t o  
c r e a t e  f a s t e r  runof f  from t h e  c l a y  s o i l s ,  whereas sandy s o i l s  ( u n l e s s  
s a t u r a t e d )  may n o t  p e r m i t  s u r f a c e  r u n o f f .  However, sandy s o i l s  l end  
themselves  more t o  groundwater o r  i n t e r f l o w  p r o c e s s e s  because  of t h e  
r a p i d  d r a i n a g e  c h a r a c t e r i s t i c s .  S o i l  mineralogy a l s o  i n f l u e n c e s  s o i l  
mois tu re  r e l a t i o n s h i p s ,  wa te r  q u a l i t y ,  and v e g e t a t i o n  growth.  S i z e  of 
s u r f a c e  s o i l  p a r t i c l e s  o r  a g g r e g a t e s  de te rmines  (g iven  o t h e r  c o n d i t i o n s )  
t h e  r a t e  of w a t e r  and wind e r o s i o n  of s o i l .  S o i l  t y p e  i s  a  f a c t o r  i n  
t h e  major types  of sediment s o u r c e s  i n  wa te r sheds :  s u r f a c e  and r i l l  
g u l l i e s ,  l a n d s l i d e s ,  and channe l s  (Simons, Ward, and L i ,  1 9 7 9 ) .  S o i l  
c h a r a c t e r i s t i c s  a r e  impor tan t  p h y s i c a l  q u a n t i t i e s  t h a t  d e s c r i b e  water-  
shed response .  

Geology 

Geology i s  impor tan t  because  it a f f e c t s  s o i l s ,  v e g e t a t i o n ,  
topography, and hydrology. The e f f e c t s  on s o i l s  and v e g e t a t i o n  were 
p r e v i o u s l y  d i s c u s s e d .  General  topography ( r i d g e s ,  c l i f f s ,  p l a t e a u s ,  
v a l l e y s )  and t h e  r e s u l t a n t  channel  and l and  s u r f a c e  c o n f i g u r a t i o n  a r e  
d i c t a t e d  by e r o s i o n  r e s i s t a n t  r o c k s ,  l a r g e  s c a l e  e r o s i v e  f o r c e s  such  a s  
g l a c i a t i o n ,  and bedrock s t r u c t u r e .  Long-term s u r f a c e  ad jus tments  
through f o l d i n g ,  f a u l t i n g ,  i s o s t a t i c  rebound ( e . g . ,  r ise in l a n d  s u r f a c e  
a f t e r  removal of i c e ) ,  vulcanism,  and changes i n  s e a  l e v e l  a r e  a l l  
impor tan t  g e o l o ~ ~ c  p r o c e s s e s .  The e f f e c t  of geology on hydrology i s  
v a r i e d  and e x t e n s i v e ,  r e s u l t i n g  from t h e  above mentioned p r o c e s s e s  and 
o t h e r  i n f l u e n c e s  on c l i m a t e  such a s  t h e  a b r u p t  rise o f  t h e  S i e r r a  Nevada 



Mountains t h a t  c r e a t e  a  wet c l imate  t o  t h e  west and a  d ry ,  rain-shadowed 
c l imate  t o  , the  e a s t .  Determining t h e  r e l a t i v e  importance of  ground and 
su r f ace  water con t r ibu t ions  i n  a  bas in  i s  another  i n f luence  t h a t  geology 
has on watershed hydrology. Typ ica l ly ,  c r y s t a l l i n e  igneous t e r r a i n  
unless  h ighly  f r a c t u r e d  i s  no t  noted f o r  sus t a ined  baseflow dur ing  d ry  
pe r iods .  Sedimentary and metamorphic ( i n  some cases)  t e r r a i n s  a r e  more 
o f t e n  capable of sus t a in ing  baseflow. This  d i f f e r e n c e  i s  r e l a t e d  t o  
rock type  and s t r u c t u r e .  

Vegetat ion 

Vegetat ion p l ays  an important r o l e  i n  water  balance and s o i l  
s t a b i l i t y  i n  a  watershed. I t  i s  known t h a t  vege ta t ion ,  u sua l ly  t r e e s  o r  
l a r g e  brush ,  i s  a major consumer of water i n  watersheds.  Through 
t r a n s p i r a t i o n ,  i n t e r c e p t i o n ,  and evapora t ive  processes  vege ta t ion  can 
s u b s t a n t i a l l y  reduce water y i e l d  from a watershed. Reduction i n  t h e  
amount of vege ta t ion  o r  i n t roduc t ion  of l e s s  consumptive types can 
decrease water consumption by p l a n t s .  However, reduct ion  i n  vege ta t ion  
may have de t r imen ta l  e f f e c t s  i n  t h a t  vege ta t ion  is  important  i n  t h e  
p r o t e c t i o n  of s o i l  from e ros ion .  Vegetat ion can reduce t h e  amount of 
water reaching t h e  ground through i n t e r c e p t i o n ,  reduce r a i n f a l l  i n t e n s i -  
t i e s  by provid ing  an  energy-absorbing cover ,  bind o r  r e i n f o r c e  s u r f a c e  
m a t e r i a l s  i n t o  more e ros ion  r e s i s t a n t  aggrega tes ,  reduce l a n d s l i d e  
hazards through b inding  and lowering s o i l  water  con ten t ,  reduce overland 
and channel e ros ion  by providing added roughness t o  r e t a r d  water  
v e l o c i t y ,  and provide organic  d e b r i s  f o r  stream channels ,  c r e a t i n g  
s t a i r s t e p  conf igu ra t ions ,  thus  lowering flow energy and t r a n s p o r t  
capac i ty .  Trees and l a r g e  brush a l s o  a s s i s t  i n  maintaining water 
q u a l i t y  by shading s t ream channels .  

Climate 

Climate and a s soc i a t ed  meteorological  components a r e  important  
processes  a f f e c t i n g  response i n  a  watershed. These components a r e  
inf luenced by topography, vege ta t ion ,  and geologic  f e a t u r e s ,  b u t  t o  a  
much l e s s e r  e x t e n t  than  they  a f f e c t  t h e s e  and o t h e r  watershed processes  
and q u a n t i t i e s .  Important c l i m a t i c  o r  meteorological  processes  a r e  
r e l a t e d  t o  p r e c i p i t a t i o n ,  temperature,  s o l a r  r a d i a t i o n ,  and wind. 

P r e c i p i t a t i o n  occurs  a s  a  s o l i d ,  l i q u i d ,  o r  a e r o s o l  (mi s t ,  f og )  a l l  
of which even tua l ly  manifest  themselves i n  t h e  watershed i n  l i q u i d  form. 
Snowfall  and snowpack p re sen t  unusual problems i n  t h a t  t h e  melt  r a t e ,  
d i s t r i b u t i o n ,  subl imat ion ,  i n t e r c e p t i o n ,  inter-snow packs and sub-snow 
packs,  waterflow, and wind e f f e c t s  a r e  a l l  long-term processes  wi th  l a g  
e f f e c t s  t h a t  a r e  complex and no t  e a s i l y  de l inea t ed .  I n  a d d i t i o n ,  
freeze-thaw e f f e c t s  caused by temperature v a r i a t i o n s  w i t h i n  and e x t e r n a l  
t o  t h e  snowpack add more complexity t o  t h e  h e a t  and mass t r a n s f e r  
a spec t s  of t h e  pack. Also, l i t t l e  i s  known about t h e  e ros ion  processes  
t h a t  occur a t  t h e  snowpack-soil su r f ace  i n t e r f a c e .  Although snow and 
snowpack processes  a r e  important i n  many watersheds,  i n  governing water  
y i e l d ,  runoff hydrographs, and sediment y i e l d ,  a  b e t t e r  understanding of 
t hese  complex processes  a r e  requi red .  Since r a i n f a l l  i s  a l r eady  i n  
l i q u i d  form, is  more e a s i l y  understood i n  terms of i t s  r e l a t e d  pro- 
ce s ses .  Of primary importance a r e  volume, time d i s t r i b u t i o n  i n t e n s i t y ,  



s p a t i a l  d i s t r i b u t i o n ,  and d u r a t i o n .  I n t e n s i t y  a f f e c t s  runof f  occur rence  
and s o i l  e r o s i o n  from r a i n d r o p  s p l a s h ,  whereas volume, i n t e n s i t y ,  
d u r a t i o n ,  and s p a t i a l  d u r a t i o n  determine (a long  w i t h  o t h e r  p r o c e s s e s )  
t h e  w a t e r  hydrograph and y i e l d  from a  s to rm.  Mist o r  f o g  a l t h o u g h  n o t  
recognized a s  pr imary s o u r c e s  of r u n o f f ,  can c r e a t e  a n t e c e d e n t  mois tu re  
c o n d i t i o n s  such a s  reduced i n t e r c e p t i o n  o r  i n c r e a s e d  s o i l  m o i s t u r e ,  t h a t  
can a l t e r  t h e  wa te r  b a l a n c e  d u r i n g  subsequent  s to rms .  

Temperature n o t  on ly  a f f e c t s  t y p e  of p r e c i p i t a t i o n ,  b u t  
i n f i l t r a t i o n  r a t e  because h i g h e r  t empera tu re  w a t e r  i s  l e s s  v i s c o u s  and 
f lows f a s t e r  through t h e  s o i l .  Temperature a l s o  i n f l u e n c e s  snowpack 
dynamics, v e g e t a t i o n  growth,  and f reeze- thaw phenomena. 

S o l a r  r a d i a t i o n  i s  extremely impor tan t  b u t  o f t e n  h a r d  t o  u t i l i z e  t o  
t h e  long-term response of a  watershed.  F o r t u n a t e l y ,  incoming s o l a r  
r a d i a t i o n  i s  c o n s t a n t  f o r  t h e  t ime span of most i n t e r e s t .  A l t e r a t i o n s  
o r  i n f l u e n c e s  on r a d i a t i o n  reach ing  a  s o i l  s u r f a c e  occur  from a i r b o r n e  
p a r t i c u l a t e s ,  g a s e s ,  wa te r  vapor ,  and v e g e t a t i o n .  Although impor tan t  i n  
s t u d y i n g  long-term b a l a n c e s ,  such a s  wa te r  y i e l d  i n  a  wa te r shed ,  we 
o f t e n  n e g l e c t  s o l a r  r a d i a t i o n  when examining s h o r t - t e r m  phenomena such 
a s  s torm r u n o f f .  S o l a r  r a d i a t i o n  does i n f l u e n c e  t o  a  major e x t e n t  most 
c l i m a t i c  p r o c e s s e s ,  v e g e t a t i o n ,  snowpack dynami.cs, and s o i l - w a t e r  
b a l a n c e .  S o l a r  r a d i a t i o n  and i t s  e f f e c t s  on o t h e r  p r o c e s s e s  must be 
cons idered  i n  watershed a n a l y s e s .  

Of ten  wind i s  n o t  g iven enough c r e d i t  a s  an  impor tan t  p r o c e s s  i n  
wa te r sheds .  However, it does a f f e c t  e v a p o r a t i o n ,  s u b l i m a t i o n ,  snow 
r e d i s t r i b u t i o n ,  t r a n s p i r a t i o n ,  r a i n f a l l  i n t e n s i t y  and d i s t r i b u t i o n ,  wind 
e r o s i o n ,  v e g e t a t i o n  s t a b i l i t y ,  and l a n d s l i d e  p o t e n t i a l  (from v i b r a t i n g  
s o i l  caused by wind sway i n  t r e e s ) .  Wind i s  u s u a l l y  c o n s i d e r e d  i n  
water-balance energy-balance s t u d i e s ,  b u t  n e g l e c t e d  i n  shor t - t e rm 
r a i n f a l l  runof f  s to rm a n a l y s e s  because  of v a r i a b i l i t y .  

Hydrology and Hydrau l ics  

Hydrology and h y d r a u l i c  p r o c e s s e s  i n  wa te r sheds  a r e  h e a v i l y  
i n f l u e n c e d  and i n t e r r e l a t e d  w i t h  t h e  o t h e r  impor tan t  p r o c e s s e s .  Two 
impor tan t  p r o c e s s e s  should be recognized a s  be long ing  t o  t h i s  broad 
group. These a r e  water  f low and sediment t r a n s p o r t .  C o n t r o l l i n g  b o t h  
a r e  g r a v i t y ,  r e s i s t a n c e ,  and o t h e r  r e l a t e d  watershed p r o c e s s e s .  Water 
f low i s  t h e  r e s u l t  of many complex i n t e r a c t i o n s .  I t  can  be  d e s c r i b e d  by 
two b a s i c  concep t s ,  c o n t i n u i t y  and momentum. C o n t i n u i t y  i s  mass ba lance  
which means i n  g e n e r a l ,  i n p u t  minus o u t p u t  i s  t h e  change i n  s t o r a g e  of 
t h e  system. F o r  example, i f  two i n c h e s  of r a i n  produce one i n c h  of 
r u n o f f ,  t h e n  t h e  o t h e r  i n c h  i s  r e t a i n e d  i n  t h e  system o r  l o s t  t o  o t h e r  
o u t p u t s  such a s  e v a p o r a t i o n ,  t r a n s p i r a t i o n ,  o r  r e g i o n a l  groundwater 
f low.  The momentum e q u a t i o n  i s  a  f o r c e  b a l a n c e  of i n e r t i a l ,  g r a v i t y ,  
and f r i c t i o n a l  components. These two concep ts  govern wate r  movement. 
S i m i l a r l y ,  t h e  movement o f  sediment i s  d e s c r i b e d  by t h e  sediment 
c o n t i n u i t y  concep t .  Again t h i s  concept  l i k e  w a t e r  c o n t i n u i t y ,  d e s c r i b e s  
t h e  i n p u t ,  o u t p u t ,  and s t o r a g e  change of sediment  i n  t h e  wa te r shed .  

Complementary t o  t h e s e  concepts  a r e  t h o s e  d e a l i n g  w i t h  s p e c i f i c s  of 
wa te r  and sediment movement. I n  s t e e p  watersheds  t h e  energy s l o p e  i n  
t h e  momentum concept  o r  e q u a t i o n  can b e  assumed e q u a l  t o  l a n d  s u r f a c e  o r  



channe l  s l o p e .  Such a n  assumption p e r m i t s  major s i m p l i f i c a t i o n s  i n  
d e s c r i p t i v e  modeling of a  wa te r shed .  T h i s  assumption i s  p e r m i s s i b l e  
because  o t h e r  components i n  t h e  momentum e q u a t i o n  a r e  r e l a t i v e l y  minor 
compared t o  s u r f a c e  s l o p e .  D e s c r i p t i v e  r e l a t i o n s  f o r  i n f i l t r a t i o n ,  
e v a p o t r a n s p i r a t i o n ,  and groundwater f lows a r e  a l s o  i m p o r t a n t  i n  o r g a n i z -  
i n g  and i d e n t i f y i n g  each segment of t h e  wa te r  c o n t i n u i t y  e q u a t i o n .  
Sediment t r a n s p o r t  i s  u s u a l l y  cons idered  i n  t h r e e  p a r t s :  

1. bed load  - sediment movement p r i m a r i l y  a l o n g  t h e  s u r f a c e ,  
2 .  suspended load  - sediment t r a n s p o r t  p r i m a r i l y  i n  t h e  f low w i t h  

some c o n t a c t  w i t h  t h e  bed,  and 
3 .  wash l o a d  - f i n e  p a r t i c l e s  n o t  found i n  a p p r e c i a b l e  q u a n t i t i e s  

i n  t h e  bed m a t e r i a l  suspended i n  t h e  f low.  
Bed l o a d  and suspended load  can be  d e s c r i b e d  by t r a n s p o r t  e q u a t i o n s  a s  
t h e y  a r e  r e l a t e d  t o  wa te r  d i s c h a r g e .  However, wash l o a d  i s  more 
dependent  on supp ly  c o n d i t i o n s .  I n  upland wate r sheds  t h e  concep t  of 
supp ly  and c a p a c i t y  i s  c r u c i a l  a s  it de te rmines  sed iment  y i e l d .  
T y p i c a l l y ,  t r a n s p o r t  c a p a c i t y  f o r  s m a l l  s i z e s  ( e . g . ,  wash l o a d )  i s  i n  
e x c e s s  of s u p p l y .  T h e r e f o r e ,  y i e l d  i s  r e l a t e d  t o  s u p p l y .  Converse ly ,  
f o r  l a r g e  s i z e s  c a p a c i t y  i s  much l e s s  t h a n  supp ly  ( e - g . ,  l a r g e  cobb les  
i n  a  mountain s t r e a m ) ,  t h e r e f o r e  c a p a c i t y  c o n t r o l s .  I n  g e n e r a l ,  
hydrology and h y d r a u l i c s  of a  watershed a r e  e x p r e s s i o n s  of o t h e r  
p h y s i c a l  p r o c e s s e s  and account ing  on ba lance  c o n c e p t s .  Unders tanding 
t h e s e  p r o c e s s e s  must be  coupled w i t h  unders tand ing  o t h e r  p r o c e s s e s .  

Man's I n f l u e n c e  

Man's i n f l u e n c e s  a r e  n o t  n a t u r a l  p h y s i c a l  p r o c e s s e s  in. a  s t r i c t  
s e n s e .  They do ,  however, t end  t o  a f f e c t  o t h e r  p r o c e s s e s  t o  some d e g r e e  
and i n  do ing  s o  c r e a t e  watershed responses  t h a t  can be  b e n e f i c i a l  o r  
d e l e t e r i o u s .  Although t h e r e  a r e  many i n f l u e n c e s ,  such  a s  dam b u i l d i n g ,  
i n t e r m o u n t a i n  d i v e r s i o n s ,  removal o f  v e g e t a t i o n ,  a l t e r a t i o n  o f  h i l l -  
s l o p e s ,  road b u i l d i n g ,  energy  and minera l  r e s o u r c e  a c q u i s i t i o n ,  and 
r e c r e a t i o n a l  and a g r i c u l t u r a l  u s e s ,  o n l y  a  s imple  example w i l l  b e  
p r e s e n t e d  h e r e  t h a t  encompasses s e v e r a l  p r o c e s s e s .  

Timbering i s  a  w e l l  known and l o n g  p r a c t i c e d  r e s o u r c e  a c q u i s i t i o n  
a c t i v i t y  i n  t h e  Uni ted S t a t e s .  However, sometimes t e c h n i q u e s  have been 
used t h a t  a l t e r  t h e  n a t u r a l  p r o c e s s e s  and c r e a t e  a d v e r s e  impac t s .  For  
example i f  a  wa te r shed  i s  c l e a r - c u t ,  w a t e r  y i e l d  may i n c r e a s e  and 
p r o v i d e  more w a t e r  f o r  domest ic  and i n d u s t r i a l  use  because  t h e  t r e e s  a r e  
no l o n g e r  t r a n s p i r i n g  t h e  w a t e r .  However, i n c r e a s e d  w a t e r  y i e l d  may 
r e s u l t  i n  h i g h e r  s t reamflow l e v e l s  t h a t  produce more channe l  e r o s i o n  and 
i n s t a b i l i t y .  A t  t h e  same t i m e ,  removal o f  v e g e t a t i o n  can expose t h e  
s o i l  s u r f a c e  t o  r a i n f a l l  and snowmelt e r o s i o n ,  t h u s  promoting sediment  
y i e l d .  I n c r e a s e d  groundwater l e v e l s  and l a c k  of v e g e t a t i v e  anchor ing  
may l e a d  t o  h i g h e r  l a n d s l i d e  r i s k  i n  s t e e p  wate r sheds .  L a n d s l i d e s ,  i f  
t h e y  do o c c u r ,  produce l a r g e  q u a n t i t i e s  o f  sediment  t h a t  a f f e c t  t h e  
sediment  y i e l d s  and o t h e r  a c t i v i t i e s .  Loss o f  cover  and i n c r e a s e d  
o r g a n i c  d e b r i s  can have an a d v e r s e  w a t e r  q u a l i t y  impact  on t h e  s t r e a m  
through i n c r e a s e d  sed iment ,  w a t e r  t e m p e r a t u r e s ,  and BOD l o a d i n g .  

The above s imple  example i l l u s t r a t e s  s e v e r a l  key c o n c e p t s .  F i r s t ,  
p h y s i c a l  p r o c e s s e s  c o n t r o l l i n g  watershed response  a r e  v a r i e d ,  complex, 
and i n t e r r e l a t e d .  Second, man's i n f l u e n c e  can have r i p p l e  e f f e c t s  a s  



t h e y  a r e  passed  between p r o c e s s e s  and t h i r d ,  unders tand ing  wate r shed  
response  must encompass s e v e r a l  d i s t i n c t  b u t  r e l a t e d  s u b j e c t s .  

2 . 4  PHYSICAL PROCESS VARIABLES AND RIVER MECHANICS GOVERNING CHANNEL 
RESPONSE 

General  

I n  g e n e r a l ,  t h e  p h y s i c a l  p r o c e s s  groupings  d e s c r i b e d  p r e v i o u s l y  f o r  
watersheds  a r e  a l s o  a p p l i c a b l e  t o  s t ream o r  r i v e r  channe l s .  However, 
t h e  importance of each can d i f f e r  c o n s i d e r a b l y  between t h e  watershed and 
channel  sys tem.  I n  a d d i t i o n ,  s p e c i f i c  e f f e c t s  of each e lement  i n  t h e  
broad groups can be  q u i t e  d i f f e r e n t  f o r  t h e  two systems.  F o r  example, 
v e g e t a t i o n  i n  t h e  watershed a f f e c t s  s e v e r a l  d i f f e r e n t  p r o c e s s e s  whereas' 
i n  t h e  channel  it u s u a l l y  a f f e c t s  f low r e s i s t a n c e  and s t a b i l i t y  o f  r i v e r  
banks and i s l a n d s .  

Major p h y s i c a l  p r o c e s s e s  i n  an a l l u v i a l  channel  a r e  t h o s e  r e l a t e d  
t o  w a t e r  d i s c h a r g e ,  channel  s l o p e  and shape ,  geology and s o i l s ,  sediment  
t r a n s p o r t ,  v e g e t a t i v e  e f f e c t s ,  and a g a i n ,  man's i n f l u e n c e .  A s  i n  t h e  
watershed,  each of t h e s e  i s  i n t e r t w i n e d  i n  a  s e t  of complex r e l a t i o n -  
s h i p s .  Again bedrock channels  have a  r e s t r i c t e d  s e t  o f  c o n d i t i o n s  whi le  
a l l u v i a l  channel  c o n d i t i o n s  a r e  more g e n e r a l .  

Water d i s c h a r g e  i s  a  key p r o c e s s ,  r e s u l t i n g  from o t h e r  p r o c e s s e s ,  
t h a t  a f f e c t s  channe l  shape and sediment t r a n s p o r t .  Discharge v a r i a b l e s  
of v e l o c i t y ,  d e p t h ,  and f low a r e a  a r e  impor tan t  i n  a n a l y s i s  o f  channel  
r esponse .  Coinc id ing  w i t h  t h e s e  a r e  channel  shape,  channel  s l o p e  and 
flow r e s i s t a n c e  from g r a i n s  and bed forms. Geology and s o i l s  of t h e  
channel  bottom and banks h e l p  determine r e l a t i v e  e r o d i b i l i t y  o f  t h e  
system and t h e r e f o r e ,  i t s  response t o  o t h e r  changes o r  a l t e r a t i o n s .  
Local v a r i a t i o n  i n  geology,  s o i l s ,  v e g e t a t i o n ,  and f low r a t e  p l a y s  
impor tan t  r o l e  i n  de te rmin ing  bank s t a b i l i t y  i n  channe l s .  Sediment 
t r a n s p o r t  i n  channe l s  d i f f e r s  among watersheds  because  t h e r e  i s  o f t e n  
more m a t e r i a l  a v a i l a b l e  f o r  t r a n s p o r t  t h a n  c a n . b e  c a r r i e d .  Vege ta t ion  
i s  an  impor tan t  v a r i a b l e  i n  channel  sys tems.  O f t e n ,  it i s  bank vege- 
t a t i o n  t h a t  r e s i s t s  e r o s i o n  d u r i n g  p e r i o d s  of h i g h  f low.  S i m i l a r l y ,  
v e g e t a t i o n  t e n d s  t o  s t a b i l i z e  i n t e r c h a n n e l  b a r s  and i s l a n d s  t h u s  pro-  
ducing a n  added r e s i s t a n c e  i n  t h e  channe l .  These banks and b a r s  can 
s u b s t a n t i a l l y  a l t e r  f low l i n e s  and channel  movement. 

A more complete unders tand ing  o f  t h e  p h y s i c a l  p r o c e s s e s  governing 
channel. response can be a t t a i n e d  th rough  a  s t u d y  of i m p o r t a n t  r i v e r  
mechanics concep t s ,  p r o c e s s e s ,  arid r e l a t i o n s .  Some o f  t h e s e  were p r e -  
v i o u s l y  p r e s e n t e d  i n  S e c t i o n  2 . 2  and F i g u r e s  2-3 and 2-4 a s  r e l a t e d  t o  
channel  form. Other  impor tan t  p r o c e s s e s  and v a r i a b l e s  w i l l  be  con- 
s i d e r e d  i n  t h i s  c h a p t e r  and t h e  c h a p t e r s  t h a t  f o l l o w .  

V a r i a b l e s  A f f e c t i n g  A l l u v i a l  Channels 

Because of t h e  number of i n t e r r e l a t e d  v a r i a b l e s  t h a t  can r e a c t  
s imul taneous ly  t o  n a t u r a l  o r  imposed changes i n  a  r i v e r  sys tem,  r i v e r  
response t o  b o t h  n a t u r a l  and man-imposed f o r c e s  i s  complex and v a r i e d  i n  
n a t u r e ,  b u t  it i s  p r e d i c t a b l e .  Simons and Richardson (1966) d e t a i l e d  
t h e  v a r i a b l e s  a f f e c t i n g  a l l u v i a l  channel  geometry and bed roughness and 



concluded t h a t  t h e  n a t u r e  of t h e s e  v a r i a b l e s  i s  such  t h a t ,  u n l i k e  r i g i d  
boundary h y d r a u l i c s  problems, it i s  n o t  p o s s i b l e  t o  i s o l a t e  and s t u d y  
t h e  r o l e  of a n  i n d i v i d u a l  v a r i a b l e .  For  example,  e v a l u a t i o n  o f  t h e  
e f f e c t s  of i n c r e a s i n g  channel  dep th  on average  v e l o c i t y  i s  hampered 
because  r e l a t e d  v a r i a b l e s  such a s  f low r e s i s t a n c e  a l s o  respond t o  t h e  
changing d e p t h .  Not o n l y  w i l l  v e l o c i t y  respond t o  a  change i n  d e p t h ,  
b u t  a l s o  form of bed roughness ,  channel  c r o s s  s e c t i o n  shape and sediment  
d i s c h a r g e .  P o s i t i o n  and shape of a l t e r n a t e ,  middle ,  and p o i n t  b a r s  can 
a l s o  be expec ted  t o  change.  

V a r i a b l e s  t h a t  i n f l u e n c e  a l l u v i a l  channel  f low i n c l u d e  v e l o c i t y ,  
d e p t h ,  s l o p e  of energy grade l i n e ,  d e n s i t y  of water-sediment  m i x t u r e ,  
a p p a r e n t  v i s c o s i t y  o f  water-sediment  m i x t u r e ,  g r a v i t a t i o n a l  c o n s t a n t ,  
r e p r e s e n t a t i v e  f a l l  d iamete r  of bed m a t e r i a l ,  g r a d a t i o n  of bed m a t e r i a l ,  
d e n s i t y  of sed iment ,  shape f a c t o r  of p a r t i c l e s ,  shape f a c t o r  o f  t h e  
r e a c h  o f  t h e  s t ream,  shape f a c t o r  of t h e  c r o s s  s e c t i o n  o f  s t r e a m ,  
seepage f o r c e  i n  t h e  bed of t h e  s t r e a m ,  c o n c e n t r a t i o n  of b e d - m a t e r i a l  
d i s c h a r g e ,  f i n e  m a t e r i a l  c o n c e n t r a t i o n ,  and p a r t i c l e  t e r m i n a l  f a l l  
v e l o c i t y .  Ditnensional a n a l y s i s  o f  t h e s e  v a r i a b l e s  v e r i f i e s  t h e  import -  
ance o f  t h e  Froude number (~ f i ) ,  Reynolds number (Vypjp), and a  
r e l a t i v e  roughness pa ramete r  (D/y).  

Bed Forms and R e s i s t a n c e  t o  Flow 

The bed o f  a n  a l l u v i a l  r i v e r  i s  n o t  a  smooth r e g u l a r  boundary,  b u t  
i s  c h a r a c t e r i z e d  i n s t e a d  by forms t h a t  v a r y  i n  s i z e ,  s h a p e ,  and l o c a t i o n  
c r e a t e d  by changes i n  f low,  t e m p e r a t u r e ,  sediment  l o a d ,  s i z e  of bed 
m a t e r i a l ,  and o t h e r  v a r i a b l e s .  These bed forms produce a  major p o r t i o n  
of t h e  f low r e s i s t a n c e  e x h i b i t e d  by a l l u v i a l  c h a n n e l s ,  and i n  t u r n  
feedback by e x e r t i n g  a  s i g n i f i c a n t  i n f l u e n c e  on f low paramete rs  such a s  
d e p t h ,  v e l o c i t y  and sediment t r a n s p o r t .  

Bed Form w i t h o u t  Sediment Movement 

I f  t h e  bed m a t e r i a l  of a  s t ream moves a t  one d i s c h a r g e  b u t  n o t  a t  a  
s m a l l e r  d i s c h a r g e ,  bed c o n f i g u r a t i o n  a t  t h e  s m a l l e r  d i s c h a r g e  w i l l  b e  a  
remnant of t h e  bed c o n f i g u r a t i o n  formed when sediment  was moving. I n  
g e n e r a l ,  S h i e l d s '  r e l a t i o n  ( F i g u r e  2-6) i s  adequa te  t o  d e f i n e  beg inn ing  
of motion of bed m a t e r i a l .  I n  t h i s  f i g u r e  t h e  d imens ion less  s h e a r  
s t r e s s  F+; r e p r e s e n t e d  by 

where t i s  t h e  s h e a r  on t h e  bed ,  y i s  t h e  u n i t  weight  of sed iment ,  y 
S i s  u n i t  weight  o f  w a t e r ,  and D 1s p a r t i c l e  s i z e  i s  r e l a t e d  t o  t h e  

boundary Reynolds number 4 a s  

where U-k i s  t h e  s h e a r  v e l o c i t y  and v i s  t h e  k inemat ic  v i s c o s i t y  of 
wa te r .  A f t e r  t h e  beg inn ing  of mot ion,  t h e  bed w i l l  become r i p p l e d  f o r  
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Figure 2-6. Generalized Shields' relation for beginning of motion showing 
relative bed form positions. 



sand m a t e r i a l  s m a l l e r  t h a n  0 . 6  mm. Dunes w i l l  develop f o r  m a t e r i a l  no 
c o a r s e r  t h a n  0 . 6  mm. R e s i s t a n c e  t o  f low i s  s m a l l  f o r  a p l a n e  bed wi th -  
o u t  sediment  movement and i s  caused by sand g r a i n  roughness .  Values  o f  
Manning's n range from 0 .012  t o  0 .016  depending on s i z e  o f  bed 
m a t e r i a l .  

Bed Form w i t h  Sediment Movement 

P r o f i l e s  of t y p i c a l  bed forms and t h e i r  r e l a t i o n  t o  t h e  w a t e r  
s u r f a c e  a r e  shown i n  F i g u r e  2-7. Using t h e s e  bed forms a s  a c r i t e r i a ,  
f low i n  a l l u v i a l  channe l s  can be d i v i d e d  i n t o  two regimes s e p a r a t e d  by a 
t r a n s i t i o n  zone.  These two flow regimes a r e  c h a r a c t e r i z e d  by s i m i l a r -  
i t i e s  i n  t h e  shape of bed form, mode o f  sediment  t r a n s p o r t ,  p r o c e s s  o f  
energy  d i s s i p a t i o n ,  and phase  r e l a t i o n  between bed and w a t e r  s u r f a c e .  
These regimes and a s s o c i a t e d  bed forms i n c l u d e :  

1. Lower Flow Regime (low s t ream power) 
a .  R i p p l e s  
b .  R i p p l e s  superimposed on dunes 
c .  Dunes 

2 .  T r a n s i t i o n  Zone 

3 .  Upper Flow Regime ( h i g h  s t ream power) 
a .  P l a n e  bed (wi th  sediment movement) 
b .  Ant idunes  
c .  Chutes and poo ls  

v v - - - - 

Typical Ripple Pattern Plane Bed 

,, weak BO~I, 

Dunes with Ripples Superposed Antidune Standing Wove 

Dunes Antidune Breaking Wove 

Woshed Out Dunes Chutes and Pools 

F i g u r e  2-7. T y p i c a l  bed forms i n  sand-bed channe l s  
(Simons and Richardson ,  1966) .  

Simons and Richardson (1966) used flume and s t r e a m  d a t a  t o  develop 
a g r a p h i c a l  r e l a t i o n  among s t ream power (tV), median f a l l  d i a m e t e r ,  and 
bed form. T h i s  r e l a t i o n  shown i n  F i g u r e  2-8 i n d i c a t e s  t h e  form of bed 
roughness t h a t  may o c c u r  i f  d e p t h ,  s l o p e ,  v e l o c i t y ,  and f a l l  d i a m e t e r  o f  
t h e  bed m a t e r i a l  a r e  known. Another u s e f u l  r e l a t i o n  ( F i g u r e  2-9) 
s c h e m a t i c a l l y  shows t h e  e f f e c t  o f  bed form on roughness  c o e f f i c i e n t s  
such a s  Manning's n .  A s  t h e  bed c o n f i g u r a t i o n  p a s s e s  th rough  lower 
regime t o  upper  regime, Manning's n changes from a t y p i c a l  v a l u e  of 
0 . 0 1 2  t o  0 . 0 1 6  f o r  p l a n e  bed w i t h o u t  sediment  motion t o  v a l u e s  a s  h i g h  
a s  0 .04  f o r  a dune bed.  I f  s t r eam power i n c r e a s e s ,  upper  regime p l a n e  
bed c o n d i t i o n s  w i l l  develop t h a t  may produce a d e c r e a s e  i n  roughness  t o  
v a l u e s  a s  smal l  a s  0.010 t o  0 .015 .  



I n  n a t u r a l  s t r eams  a  l a r g e  i n c r e a s e  i n  d i s c h a r g e  w i t h  l i t t l e  o r  no 
change i n  s t a g e  i s  p o s s i b l e  a s  a  r e s u l t  o f  a  change i n  bed c o n f i g u r a t i o n  
from dunes t o  p l a n e  bed.  F i g u r e  2-10 shows a  b r e a k  i n  t h e  dep th-  
d i s c h a r g e  r e l a t i o n  r e s u l t i n g  from t h i s  phenomena. Conversely ,  an  
i n c r e a s e  i n  dep th  w i t h  c o n s t a n t  s l o p e  and bed m a t e r i a l  can change a  dune 
bed t o  p l a n e  bed o r  a n t i d u n e s . ,  A d e c r e a s e  i n  d e p t h  can r e v e r s e  t h e  
regime. 

Bars - 

I n  n a t u r a l  channels  o t h e r  t y p e s  o f  bed c o n f i g u r a t i o n s  o r  forms 
occur .  These bed c o n f i g u r a t i o n s  a r e  g e n e r a l l y  c a l l e d  b a r s  and a r e  
r e l a t e d  t o  p l a n  form geometry and channel  wid th .  

Median Fall Diameter , millimeters 

F i g u r e  2-8. R e l a t i o n  of s t ream power and median f a l l  d iamete r  
t o  form of bed roughness .  

Bars a r e  bed forms having l e n g t h s  abou t  t h e  same s i z e  as t h e  
channel width  o r  g r e a t e r ,  and h e i g h t s  comparable t o  t h e  mean d e p t h  of 
t h e  g e n e r a t i n g  f low.  S e v e r a l  d i f f e r e n t  t y p e s  o f  b a r s  occur  and a r e  
c l a s s i f i e d  a s :  

1. P o i n t  Bars  - occur a d j a c e n t  t o  t h e  convex bank of  channel  
bends.  P o i n t  b a r  shape may v a r y  w i t h  changing f low condi-  
t i o n s ,  b u t  p o i n t  b a r s  do n o t  move r e l a t i v e  t o  t h e  bends .  

2 .  A l t e r n a t e  Bars - occur  i n  s t r a i g h t e r  r eaches  of channe l s  and 
t end  t o  be d i s t r i b u t e d  p e r i o d i c a l l y  a l o n g  t h e  r e a c h ,  w i t h  
c o n s e c u t i v e  b a r s  on o p p o s i t e  s i d e s  o f  t h e  channe l .  T h e i r  
l a t e r a l  e x t e n t  i s  s i g n i f i c a n t l y  l e s s  t h a n  t h e  channel  wid th .  
A l t e r n a t e  b a r s  s lowly move downstream. 
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Figure 2-10. Generalized variation of channel slope with distance. 



3 .  Transverse  Bars  (middle b a r s )  - a l s o  occur  i n  s t r a i g h t  
c h a n n e l s .  They occupy n e a r l y  t h e  f u l l  channe l  w i d t h  o f  t h e  
producing d i v i d e d  and m u l t i p l e  f low c h a n n e l s .  They o c c u r  a s  
i s o l a t e d  and a s  p e r i o d i c  forms a long  a  channe l .  They a l s o  
move s lowly  downstream. 

4 .  T r i b u t a r y  Bars - occur  immediately downstream from p o i n t s  of 
t r i b u t a r y  o r  o t h e r  l a t e r a l  i n f l o w  i n t o  a  channe l .  

L o n g i t u d i n a l  s e c t i o n s  i n d i c a t e  t h a t  b a r s  a r e  approx imate ly  
t r i a n g u l a r  w i t h  long  g e n t l e  upstream s l o p e s  and s h o r t  downstream s l o p e s  
a t  approx imate ly  t h e  a n g l e  of repose .  They a r e  s i m i l a r  t o  dunes i n  form 
b u t  much l a r g e r .  Bars appear  a s  smal l  b a r r e n  i s l a n d s  d u r i n g  low f lows .  
P o r t i o n s  of t h e  upst ream s l o p e s  of b a r s  a r e  o f t e n  covered w i t h  r i p p l e s  
and dunes .  Bars s i g n i f i c a n t l y  a f f e c t  development of new f low a l ignments  
a s  w e l l  a s  r e s i s t a n c e  t o  f low,  p a r t i c u l a r l y  i f  t h e s e  b a r s  a r e  armored.  

Hydrau l ic  Geometry 

Hydrau l ic  geometry i s  a  g e n e r a l  term used t o  deno te  r e l a t i o n s h i p s  
between b a n k f u l  d i s c h a r g e ,  channel  morphology, h y d r a u l i c s ,  and sediment  
t r a n s p o r t .  I n  n a t u r a l  a l l u v i a l  channe l s  morphologic ,  h y d r a u l i c ,  and 
s e d i m e n t a t i o n  c h a r a c t e r i s t i c s  o f  t h e  channel  r e s u l t  from a  l a r g e  v a r i e t y  
o f  f a c t o r s .  Genera l i zed  h y d r a u l i c  geometry r e l a t i o n s  a p p l y  t o  channe l s  
w i t h i n  a  phys iograph ic  r e g i o n  and can be computed from d a t a  a v a i l a b l e  
f o r  gaged r i v e r s .  Hydrau l ic  geometry r e l a t i o n s  e x p r e s s  t h e  i n t e g r a l  
e f f e c t  of a l l  h y d r o l o g i c ,  m e t e r o l o g i c ,  v e g e t a t i v e ,  and g e o l o g i c  
v a r i a b l e s  i n  a  d r a i n a g e  b a s i n .  

Hydrau l ic  geometry r e l a t i o n s  o f  a l l u v i a l  s t r eams  a r e  n e c e s s a r y  f o r  
r i v e r  e n g i n e e r i n g  computat ions  and r i v e r  modeling.  F o r e r u n n e r s  o f  t h e s e  
r e l a t i o n s  were t h e  regime t h e o r y  e q u a t i o n s  of s t a b l e  a l l u v i a l  c a n a l s .  A 
g e n e r a l i z e d  v e r s i o n  o f  h y d r a u l i c  geometry r e l a t i o n s  was developed by 
Leopold and Maddock (1953) f o r  d i f f e r e n t  r e g i o n s  i n  t h e  Uni ted  S t a t e s  
and f o r  d i f f e r e n t  t y p e s  o f  r i v e r s .  Hydrau l ic  geometry r e l a t i o n s  
i n c l u d e  : 

where W i s  channel  w i d t h ,  yo i s  channel  d e p t h ,  V i s  average  v e l o c i t y  
o f  f low,  QT i s  t o t a l  b e d - m a t e r i a l  l o a d ,  S i s  energy  g r a d i e n t ,  n  i s  
Manning's  roughness c o e f f i c i e n t ,  and Q i s  d i s c h a r g e  d e f i n e d  below. 
Leopold and Naddock (1953) have shown t h a t  i n  a  d r a i n a g e  b a s i n  two t y p e s  
of h y d r a u l i c  geometry r e l a t i o n s  can be  d e f i n e d :  1) t h o s e  r e l a t i n g  W ,  

V ,  and QT t o  t h e  v a r i a t i o n  of d i s c h a r g e  a t  a  s t a t i o n  and 2) t h o s e  
z e i a t i n g  t h e s e  same v a r i a b l e s  t o  t h e  d i s c h a r g e s  o f  a  g i v e n  f requency  o f  
occur rence  a t  v a r i o u s  s t a t i o n s  on a  channe l .  Because QT was n o t  
a v a i l a b l e ,  t h e y  used Q t h e  suspended l o a d  t r a n s p o r t  r a t e .  The former  
r e l a t i o n s  a r e  c a l l e d  ' a t - s t a t i o n  r e l a t i o n s h i p s  and t h e  l a t t e r  a r e  

4 downstream r e l a t i o n s h i p s .  



Hydraul ic  geometry r e l a t i o n s  were t h e o r e t i c a l l y  developed a t  
Colorado S t a t e  U n i v e r s i t y  (Simons and L i ,  1975).  These r e l a t i o n s  a r e  
a lmost  i d e n t i c a l  t o  t h o s e  proposed by Leopold and Maddock. The 
a t - s t a t i o n  r e l a t i o n s  d e r i v e d  a t  Colorado S t a t e  U n i v e r s i t y  a r e :  

w - Q".26 (2-4) 
0.46 

Yo " Q (2-5 1 
s - QO.OO (2-6) 

v - Q0.30 (2-7)  

Equat ion 2-7 i m p l i e s  t h a t  s l o p e  i s  c o n s t a n t  a t  a  c r o s s  s e c t i o n .  Th is  i s  
n o t  p r e c i s e l y  t r u e  s i n c e  a t  low flow e f f e c t i v e  channel  s l o p e  i s  d e t e r -  
mined by t h e  thalweg t h a t  f lows from pool  through c r o s s i n g  t o  p o o l .  A t  
h i g h e r  s t a g e s  t h e  thalweg s t r a i g h t e n s  somewhat t h u s  s h o r t e n i n g  t h e  p a t h  
of t r a v e l  and i n c r e a s i n g  t h e  l o c a l  s l o p e .  I n  extreme c a s e s  r i v e r  s l o p e  
approaches v a l l e y  s l o p e  a t  f l o o d  s t a g e .  During h igh  f l o o d s  flow o f t e n  
c u t s  a c r o s s  p o i n t  b a r s  developing chu te  channe l s .  Th i s  d i r e c t i o n  o f  
t r a v e l  v e r i f i e s  t h e  s h o r t e r  p a t h  t h e  wa te r  t a k e s  and t h a t  a  s t e e p e r  
channel  p r e v a i l s  under t h i s  c o n d i t i o n .  

S i m i l a r l y ,  d e r i v e d  downstream r e l a t i o n s  f o r  b a n k - f u l l  d i s c h a r g e  
a r e :  

where t h e  s u b s c r i p t  b  i n d i c a t e s  t h e  b a n k - f u l l  c o n d i t i o n .  

Sediment T r a n s ~ o r t  i n  A l l u v i a l  Channels 

Sediment i n  a  r i v e r  u s u a l l y  o r i g i n a t e s  i n  t h e  d r a i n a g e  b a s i n .  
Eroded m a t e r i a l  i s  c a r r i e d  i n t o  t h e  r i v e r  and a long  t h e  r i v e r ' s  course  
by f lowing wate r .  U l t i m a t e l y ,  t h i s  m a t e r i a l  i s  d e p o s i t e d  i n  t h e  lower 
reaches  of t h e  r i v e r ,  on t h e  r i v e r  d e l t a ,  o r  f o r  t h e  f i n e r  m a t e r i a l  i n  
t h e  s e a .  T h i s  c o n s t a n t  d isplacement  of m a t e r i a l  i m p l i e s  a  slow b u t  
cont inuous  change i n  t h e  l o n g i t u d i n a l  p r o f i l e  of t h e  r i v e r  e v e n t u a l l y  
ending i n  t h e  d e s t r u c t i o n  of t h e  upland r e g i o n  d r a i n e d  by t h e  r i v e r .  A s  
a  r e s u l t ,  it must be  a n t i c i p a t e d  t h a t  l a r g e  q u a n t i t i e s  of sediment  w i l l  
pass  th rough  a  r i v e r  system each y e a r .  

L o n g i t u d i n a l  Stream P r o f i l e  

The l o n g i t u d i n a l  p r o f i l e  of a  s t ream shows s l o p e  o r  g r a d i e n t .  I t  
i s  a  r e p r e s e n t a t i o n  of t h e  r a t i o  of f a l l  t o  l e n g t h  o f  a  s t ream o v e r  a  
g iven r e a c h .  Because a  r i v e r  channel  i s  o f t e n  s t e e p e s t  i n  t h e  upper 
r e g i o n s ,  most r i v e r  p r o f i l e s  a r e  concave upward. A s  w i t h  o t h e r  channel  
c h a r a c t e r i s t i c s ,  shape of t h e  p r o f i l e  i s  a  r e s u l t  of a  number of i n t e r -  
dependent f a c t o r s  r e p r e s e n t i n g  a  ba lance  between t r a n s p o r t  c a p a c i t y  of 
t h e  s t ream,  and s i z e  and q u a n t i t y  of s u p p l i e d  sediment  l o a d .  



S h u l i t s  (1941) among o t h e r s ,  provided an equat ion  desc r ib ing  t h e  
concave ho r i zon ta l  p r o f i l e  of a  channel i n  terms of d i s t a n c e  along t h e  
stream a s  

where Sx 
is  t h e  s lope  a t  any s t a t i o n  a  d i s t a n c e  x downstream of a  

re ference  s t a t i o n ,  S i s  the s lope  a t  t h e  re ference  s t a t i o n ,  and a is  
a  c o e f f i c i e n t  of s l o i e  reduct ion  (Figure 2- 10) .  

S i m i l a r l y ,  g r a i n  s i z e  of t h e  bed m a t e r i a l  decreases  i n  a  downstream 
d i r e c t i o n .  Transport  processes  reduce t h e  genera l  s i z e  of sediment 
p a r t i c l e s  by abras ion  and hydraul ic  s o r t i n g .  Abrasion i s  s i z e  reduct ion  
by mechanical a c t i o n s  such a s  gr inding ,  impact,  and rubbing, while  
hydraul ic  s o r t i n g  r e s u l t s  i n  d i f f e r e n t i a l  t r a n s p o r t  of p a r t i c l e s  of 
varying s i z e s .  For sedimentary p a r t i c l e s  of s i m i l a r  shape,  roughness,  
and s p e c i f i c  g r a v i t y  t h e  end r e s u l t  of t hese  processes  is  observed 
reduct ion  of bed ma te r i a l  s i z e  along t h e  d i r e c t i o n  of t r a n s p o r t .  Change 
i n  p a r t i c l e  s i z e  wi th  d i s t a n c e  downstream can be expressed a s  

where Dx i s  s i z e  of bed ma te r i a l  a t  d i s t ance  x  downstream of a  
re ference  s t a t i o n ,  D i s  median s i z e  of bed m a t e r i a l  a t .  t he  re ference  
s t a t i o n ,  and f3 i s  2 wear o r  s o r t i n g  c o e f f i c i e n t  (Figure 2-11) .  This  
t r end  i s  found i n  l a r g e  and small  channels .  

The l o n g i t u d i n a l  p r o f i l e  of an  a l l u v i a l  r i v e r  i s  dynamic, 
con t inua l ly  a d j u s t i n g  t o  changed input  condi t ions  of water  and sediment 
d ischarge .  Al te red  inpu t  condi t ions  change channel geometry, roughness,  
and o t h e r  parameters inc.luding channel g rad ien t .  

Sediment Yield 

The quan t i t y  of sediment de l ive red  t o  t h e  channel depends on 
watershed processes  d iscussed  i n  previous s e c t i o n s .  Capaci ty of a 
stream t o  t r a n s p o r t  sediment depends on hydraul ic  p r o p e r t i e s  of t h e  
s t ream channel.  Such v a r i a b l e s  a s  s lope ,  roughness, channel geometry, 
d i scharge ,  v e l o c i t y ,  tu rbulence ,  f l u i d  p r o p e r t i e s ,  and s i z e  and grada- 
t i o n  of t h e  sediment a r e  c l o s e l y  r e l a t e d  t o  hydrau l i c  v a r i a b l e s  
c o n t r o l l i n g  capac i ty  of t h e  stream t o  c a r r y  water .  To ta l  sediment load 
of a  stream i s  the sum of bed ma te r i a l  load and wash load ,  t h e  sum of 
bed load and susended load ,  o r  t he  sum of measured and unmeasured load.  

Bed-Load T r a n s ~ o r t  

' Because bed m a t e r i a l  i s  t r anspor t ed  a s  suspended load and bed load ,  
d i f f e r e n t  phys i ca l  laws c o n t r o l l i n g  t h e s e  modes must be incorpora ted  
i n t o  any method f o r  p r e d i c t i n g  t o t a l  t r a n s p o r t  of bed m a t e r i a l .  Trans- 
p o r t  of bed load i s  usua l ly  r e l a t e d  t o  t h e  t r a c t i v e  f o r c e  o r  shea r  on 
t h e  bed a s  i n  t h e  h i s t o r i c  Du Boys formula of 
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Figure 2-11. Generalized variation of size of bed material size with distance. 



where qb i s  bedload d ischarge  pe r  u n i t  width of s e c t i o n  pe r  u n i t  t ime,  
K i s  a  sediment parameter ,  t i s  i n t e n s i t y  of bed shea r ,  and tc i s  
c r i t i c a l  shear  a t  which motion 'is i n i t i a t e d  (Figure 2-6). 

Bed-Material Transport  

A s  implied by the  above d e f i n i t i o n s ,  d i s t i n c t i o n  between 
bed-mater ial  load and wash load i s  important and i s  r e i t e r a t e d  he re .  
Bed m a t e r i a l  i s  t ranspor ted  a t  t he  capac i ty  of t h e  s t ream and i s  
f u n c t i o n a l l y  r e l a t e d  t o  measurable hydraul ic  v a r i a b l e s .  Wash load ,  
however, is not  t r anspor t ed  a t  t h e  capac i ty  of t h e  s t ream, depending 
i n s t e a d  on supply,  and i s  no t  func t iona l ly  r e l a t e d  t o  hydrau l i c  
v a r i a b l e s .  While t h e r e  i s  no sharp demarcation between wash load and 
bed m a t e r i a l  l oad ,  one c r i t e r i a  assumes bed-mater ial  load c o n s i s t s  of 
p a r t i c l e  s i z e s  equal  t o  o r  g r e a t e r  than  0.062 mm ( t h e  d i v i s i o n  
between sand and s i l t ) .  Another reasonable demarcation is  t o  use  a  
sediment s i z e  f i n e r  than  t h e  sma l l e s t  10 percent  of t h e  bed m a t e r i a l  a s  
a  p o i n t  of d i v i s i o n .  

Sediment p a r t i c l e s  which c o n s t i t u t e  bed m a t e r i a l  load a r e  
t r anspor t ed  e i t h e r  by r o l l i n g  o r  s l i d i n g  along t h e  bed (bed load)  o r  i n  
suspension. ,  Again t h e r e  i s  no sharp d i s t i n c t i o n  between bed load and 
suspended load .  A p a r t i c l e  of t he  bed m a t e r i a l  load may move p a r t  of 
t h e  t ime i n  con tac t  with t h e  bed and a t  o the r  t imes i s  suspended by the  
flow. General ly ,  t he  amount of bed ma te r i a l  moving i n  con tac t  with the  
bed of a  l a r g e  sand bed r i v e r  i s  only a  small  percentage o f  bed m a t e r i a l  

4 
moving i n  suspension.  

F ine  m a t e r i a l  moving a s  wash load usua l ly  w i l l  no t  pose d i r e c t  
problems f o r  development a c t i v i t i e s  i n  t h e  channel system. However, 
l a r g e  concent ra t ions  of f i n e  ma te r i a l  can a f f e c t  t h e  capac i ty  of a  
stream t o  t r a n s p o r t  bed ma te r i a l  through i t s  i n f luence  on f l u i d  
p r o p e r t i e s  such a s  v i s c o s i t y  and dens i ty .  

The processes ,  v a r i a b l e s ,  and mechanics c o n t r o l l i n g  t h e  response of 
channel systems a r e  va r i ed  and complex. I t  i s  impossible  t o  cons ider  
a l l  f a c t o r s  a t  one t ime.  Therefore an a n a l y s i s  t o  d e l i n e a t e  t he  most 
important  v a r i a b l e s  i s  needed. One method i s  use of phys i ca l  process  
models and parameter s e n s i t i v i t y  t e s t s .  Another way i s  by o rde r  of 
magnitude ana lyses .  The fol lowing s e c t i o n  p re sen t s  such an eva lua t ion  
of important fo rces  i n  r i v e r  channels.  

2.5 QUALITATIVE ORDER OF MAGNITUDE ANALYSIS OF FORCES ACTING ON A 
RIVER--AN EXAMPLE 

General 

Previous s e c t i o n s  have p r imar i ly  d e a l t  with q u a l i t a t i v e  ana lyses  of 
t he  processes  and fo rces  a c t i n g  i n  watersheds and r i v e r  channels .  In  
t h i s  s e c t i o n ,  a  quas i -quan t i t a t i ve  approach i s  descr ibed  and app l i ed  t o  
a  major New England River (Simons, Andrew, L i ,  and Alawady, 1979) .  This  

4 a n a l y s i s  i s  genera l  i n  na tu re  and can be appl ied  t o  o t h e r  r i v e r s .  
Through such an a n a l y s i s  a  b e t t e r  understanding of t h e  key o r  important  
v a r i a b l e s  can be gained.  



E v a l u a t i o n  of Forces  

The t r a c t i v e  f o r c e  method d e s c r i b e d  by Chow (1959) h a s  been 
u t i l i z e d  t o  e v a l u a t e  bank e r o s i o n  on d i f f e r e n t  r i v e r s .  I t  i s  a n  a c c e p t -  
a b l e  method and has  been used i n  t h e  d e s i g n  and s t a b i l i t y  e v a l u a t i o n  of 
a l l u v i a l  c a n a l s .  The method proposed and u t i l i z e d  by t h e  U .S .  Army 
Corps o f  Engineers  i s  l i m i t e d  t o  s t r a i g h t  r eaches  of channel  t h a t  a r e  
p r i n c i p a l l y  a f f e c t e d  by s h e a r  s t r e s s e s  e x e r t e d  on t h e  bed and banks by 
f lowing w a t e r .  I n  t h i s  example t h e  banks of t h e  channel  a r e  s u b j e c t e d  
t o  a d d i t i o n a l  f o r c e s  produced by o p e r a t i o n  of numerous power dams and 
t h e i r  p o o l s .  The a n a l y s i s  made i n  t h i s  example cons idered  a l l  s i g n i f i -  
c a n t  f a c t o r s  i n c l u d i n g  t h e  t r a c t i v e  f o r c e  and e f f e c t i v e  d u r a t i o n s  based 
upon t h e  p h y s i c a l  sys tem.  Th is  i s  d i f f e r e n t  from t h e  t r a c t i v e  f o r c e  
method, which c o n s i d e r s  t h e  t r a c t i v e  f o r c e  a l o n e .  T y p i c a l  average  
d e p t h ,  average  v e l o c i t y ,  and average sediment t r a n s p o r t  f o r  n a t u r a l  
r i v e r s  and upper and lower p o o l s  a r e  g iven  i n  F i g u r e s  12-12, 12-13 and 
12-14, r e s p e c t i v e l y .  The d e f i n i t i o n  o f  a  n a t u r a l  r i v e r  i s  one t h a t  i s  
u s u a l l y  u n a f f e c t e d  by backwater caused by a  downstream dam. Computed 
dep th  i s  roughly w i t h i n  10 p e r c e n t  of t h e  normal dep th  of t h e  r i v e r .  
F i g u r e  2-14 i n d i c a t e s  t h a t  t h e  s e d i m e n t - t r a n s p o r t i n g  c a p a c i t y  i s  
s i g n i f i c a n t l y  lower i n  poo ls  t h a n  i n  t h e  n a t u r a l  r i v e r .  These f i g u r e s  
were determined u s i n g  a  dam h e i g h t  of 30 f e e t ,  a  channe l  bed s l o p e  of 
0.00029, and a  t y p i c a l  channel  c r o s s  s e c t i o n .  

Magnitudes of t h e  f o r c e s  a c t i n g  on t h e  r i v e r  banks can be  expressed  
a s  a  pe rcen tage  o f  t h e  t r a c t i v e  f o r c e  e x e r t e d  on t h e  channel  bed by 
f lowing w a t e r .  T h i s  f lowing wate r  t r a c t i v e  f o r c e  can be  approximated by 
t h e  r e l a t i o n  

where t i s  s h e a r  s t r e s s ,  y i s  s p e c i f i c  weight  of t h e  water-sediment  
mix ture ,  d  i s  dep th  of f low a t  t he  l o c a t i o n  where s h e a r  s t r e s s  i s  t o  b e  
e s t i m a t e d ,  and S i s  s l o p e  of energy g r a d i e n t .  

As an a l t e r n a t i v e ,  s h e a r  s t r e s s  a c t i n g  on t h e  channe l  boundary can 
be e s t i m a t e d  by t h e  r e l a t i o n  

5.75 l o g  
y2 

where p i s  d e n s i t y  of wa te r  and u and u a r e  t h e  p o i n t  v e l o c i t i e s  1 2 
measured a t  d i s t a n c e s  Y1 and Y2 from t h e  boundary o f  t h e  channe l .  

For  b e s t  r e s u l t s  y l  and y2 shou ld  b e  a s  c l o s e  a s  p o s s i b l e  t o  

t h e  boundary.  T h i s  r e l a t i o n  p r o v i d e s  a  b e t t e r  approximat ion o f  boundary 
s h e a r  s t r e s s  i n  reaches  a f f e c t e d  by power dams s i n c e  s h e a r  s t r e s s  i s  
independent  of t h e  channel  and i s  s e n s i t i v e  t o  v e l o c i t y  d i s t r i b u t i o n .  

To e s t i m a t e  s t a b i l i t y  of a  r i v e r  channel  c r i t i c a l  s h e a r  s t r e s s  
which i s  s u f f i c i e n t  t o  i n i t i a t e  movement of bed m a t e r i a l  i s  f i r s t  d e t e r -  
mined. Th is  c r i t i c a l  s h e a r  s t r e s s  can be approximated from S h i e l d s '  









diagram p r e v i o u s l y  p r e s e n t e d  i n  F i g u r e  2-6 i f  t a t  motion i s  t a k e n  a s  
c r i t i c a l  s h e a r  7 I n  F i g u r e  2-6, D i s  t h e  p a r t i c l e  s i z e ,  U, i s  t h e  

S s h e a r  v e l o c i t y ,  i s  t h e  kinemat ic  v i s c o s i t y ,  by i s  t h e  d i a f e r e n c e  
between s p e c i f i c  weight  of sediment and w a t e r ,  and Re i s  t h e  p a r t i c l e  
Reynolds number. When Re > 500, t h e  term t/AyD has  a  c o n s t a n t  v a l u e  
e q u a l  t o  0.06. Hence, knowing Ay and D ,  t h e  c r i t i c a l  s h e a r  s t r e s s  
t can be e s t i m a t e d .  I f  t h e  s h e a r  s t r e s s  a c t i n g  on t h e  bed o r  boundary 
OF t h e  r i v e r  determined by Equat ions  2-15 and 2-16 i s  g r e a t e r  t h a n  
c r i t i c a l  s h e a r  stress 

T c  , t h e  bed m a t e r i a l  w i l l  be i n  motion.  I f  
t h e  r a t e  of t r a n s p o r t  on a  segment of r i v e r  exceeds i n f l o w  o f  sediment  
from upstream o r  l a t e r a l  i n p u t s ,  d e g r a d a t i o n  o f  t h e  r i v e r  bed w i l l  
occur .  Aggradat ion w i l l  occur  i f  t h e  converse  i s  t r u e .  A f t e r  e s t i m a t -  
i n g  s h e a r  s t r e s s  a c t i n g  on t h e  r i v e r  bed and c r i t i c a l  s h e a r  s t r e s s ,  t h e  
n e x t  s t e p  i s  t o  e s t i m a t e  a c t u a l  s h e a r  s t r e s s  a c t i n g  on t h e  banks .  I f  
t h i s  exceeds t h e  c r i t i c a l  s h e a r  s t r e s s ,  bank e r o s i o n  w i l l  r e s u l t .  
Consequent ly ,  t h e  r i v e r  bank w i l l  be u n s t a b l e  u n l e s s  p r o t e c t e d  by vege- 
t a t i o n ,  r i p r a p ,  o r  o t h e r  s t a b i l i z a t i o n  measure.  C r i t i c a l  s h e a r  s t r e s s  
f o r  t h e  r i v e r  bank m a t e r i a l  can be e s t i m a t e d  u t i l i z i n g  S h i e l d s '  diagram 
t o  g i v e  c r i t i c a l  bed s h e a r  s t r e s s ,  and t h e n  reduc ing  t h i s  v a l u e  by a 
f a c t o r  K t o  a l l o w  f o r  t h e  g r a v i t a t i o n a l  component of f o r c e s  on t h e  
bank p a r t i c l e s :  

where ( x ~ ) ~  and ( r b ) c  a r e  t h e  c r i t i c a l  s h e a r  s t r e s s e s  on t h e  s i d e  
and bed r e s p e c t i v e l y ,  0 i s  t h e  ang le  of t h e  s i d e  s l o p e ,  and (I i s  t h e  
a n g l e  of repose  o f  t h e  bank m a t e r i a l .  

For  wide channe l s  t h e  maximum v a l u e  o f  s h e a r  s t r e s s  on t h e  bank i s  
0 .77  t imes  t h e  maximum s h e a r  s t r e s s  on t h e  bed 

A s  ,when a n a l y z i n g  t h e  s t a b i l i t y  of t h e  bed of a  channe l ,  t h e  banks 
w i l  be  u n s t a b l e  i f  t h e  t r a c t i v e  f o r c e  a c t i n g  on t h e  banks e x c e p t  t h e  
c r i t i c a l  t r a c t i v e  f o r c e  f o r  t h e  bank m a t e r i a l .  

Only t h e  s h e a r  s t r e s s  e x e r t e d  on t h e  r i v e r  banks a s  caused by 
f lowing w a t e r  was e v a l u a t e d .  Consequently,  it i s  n e c e s s a r y  t o  add 
e f f e c t s  of o t h e r  f o r c e s  a c t i n g  on t h e  banks t o  t h e  t r a c t i v e  f o r c e .  
These a d d i t i o n a l  increments  of s h e a r  s t r e s s  can be determined from Table  
2-4 .  

I n  t h i s  t a b l e ,  t h e  r e l a t i v e  magnitude (MB) and r e l a t i v e  d u r a t i o n  
(DB) of  t h e  f o r c e s  caus ing  bank e r o s l o n  f o r  noncohesive and s t r a t i f i e d  
bank m a t e r i a l s  have been a s s e s s e d  q u a l i t a t i v e l y  and r a t e d  from 1 t o  9 i n  
ascend ing  o r d e r  of e s t i m a t e d  e f f e c t .  T h i s  q u a l i t a t i v e  assessment  was 
accomplished th rough  examinat ion of a v a i l a b l e  d a t a ,  review of c u r r e n t  
t h e o r y ,  p e r s o n a l  e x p e r i e n c e ,  and sound p r o f e s s i o n a l  judgment. The shear  
s t r e s s  a c t i n g  on a  noncohesive bank w i t h i n  a  reach  o f  n a t u r a l  r i v e r  i s  
cons idered  t h e  most s i g n i f i c a n t  f o r c e  e x e r t e d  upon t h a t  bank and a s  such  \ 

is  r a t e d  as 9 .  The l e a s t  s i g n i f i c a n t  e f f e c t  under  a s i m i l a r  r i v e r  
c o n d i t i o n  i s  t h e  f reeze- thaw a c t i o n ,  and it i s  ranked a s  1. I n  r e l a t i o n  



Table 2-4. Relative magnitudes and duration of erosive forces. 

R e l a t i v e  :1agn1tdc R e l a t i v e  t lagni tude  
F a c t o r s  & 01 F o r c e s  o f  Sank Erokiun 

V ~ r i : h l c s  R c l a t i v e  
Causinx O u r a t i u n  

Bonk Eros ion R i v r r  Condi t ion  N o n ~ , , h c s i v e  S t r ~ t i f i c d  o f  F o r c e s  Noncohes~ve* S ~ r a c i f i r d ' . - ~  

Shear  S t r e s s  N a t ~ ~ r a L  r i v e r  9 8 9  8 1  1 . 0  72 1 . 0  
o r  V e l o c i t y  

N a t u r a l  r i v r r  w i t h  h igh banks 9 8 9 8 1  1 . 0  72 1 . 0  

Pools ;  low bonks 9 8 7  63 .78 56 .78 

P o o l s ;  low b m k s  w i t h  v c g c t a t i o n  7 6 6 42 . 5 2  36 .50  

Pools :  h igh  hanks R 7 7  56 .69 49 .68 

P o o l s ;  h igh  banki  w i t h  v c g e t a t i n ~  6 5 6 36 .L4  30 .42  

F l o o r  N a t u r a l  r i v e r  2 2 1  2  . 0 2  2  . 0 3  
V a r i a t i o n  

N a t u r d l  r i v e r  w i t h  h igh bank, 2 2  1  2 .02 2 . 0 3  

P o o l s ;  10s bank<. 2  2  1  2 .02 2  . 0 3  

P o o l s ;  low bank:, w i t h  vcgetaLlon I I  1  1  . 0 1  1  .01  

P o o l s ;  h i y h  banks 2 2 I  2 . 0 2  2 . 0 3  

P o o l s ;  h igh  banks w i t h  v , . g r r t l o n  1  1 1  1  . 0 1  1  . 0 1  

S t a g e  N a t u r a l  r i v e r  3  3 2 6 .07  6 .08 
V a r i a t i o n  ' 

Narur.al r i v r r  w i t h  h igh b.xnks 4  3 2  8  . I 0  6 .08  

P o o l s ;  low h.lnk:. 3  3  1 3 .04  3  .04 

Pools ;  low h n k s  w i t h  v e g e t a t i o n  2  2 I  2  .02 2 .03 

P o o l s ;  h igh  b.,nks 5 4  1  5 .06  4 .06 

Pool-.; h igh  brnks  w i t h  ; ~ g e t a t i o ! l  3  3 1  3 .Oh 3 .04  

Pool  Natura l  r i w r  3 3 2 6 ,137 6 .08 
F l u c t u a t i o n s  

N a t u r a l  r i v c r  w i t h  h igh banks 4  3  2  9  . I 1  6 .08  

P o o l s ;  low b ~ n k s  4 3 3 12 . I 5  9 .I3 

P o o l s ;  low b.~~ik:.  w i t h  v r g c t a t i o n  3 3  3 9  . I 1  9 . I 3  

P o o l s ;  h i g h  b .~nks  5 4 3 15 . I 9  12 . I 7  

P o o l s ;  h igh  b.tak:: w i t h  v e g e t a t i o n  4 L 3 12 . I 5  12 . I 7  

Wind Waves N a t u r a l  r i v c r  2  2 1  2 . 0 2  2 . 0 3  
s u r f a c e  
e r o s i o n  N a t u r a l  r i v r r  wtrh h i ~ t l  banks I 1  1  1  .01  1  .01 

h 
p i p i n g  P o o l s ;  low banks 3 3 2 6 .07 6 .OS 

Pools ;  low banks w i t h  v r g r t . a L ~ o n  2  I 2 .02  2  . 0 3  

P o o l s ;  h igh  bank-, 2  2 I  2  . 0 2  2 . 0 3  

Pools ;  h igh  b.inks w i t h  i ~ c ~ r t u t l r l a  I  1  1  1 .01 1  .01 

*Stawl.trdizcd v a l u w  b.3sc.d vn t h c  -.ht..tr s t r e s s  4-1 ,  r r u < , c o h c ~ i v e  bank and n a t u r a l  r i v e r .  For example, I u r  
c n n d i t i o n  of  p o o l ,  low b.tnk. 63/81 L 0 . 1 8 .  

"Stand.ardizrd v;tltms based on the al tc .~r  s t r c i s  on  s t r ~ t i f i e d  bank and n > t t ~ i . a l  r i v e r .  For e x ~ m p l e ,  f o r  
c o n d i t i o n  of p o o l s ,  low h n k i ,  56/12 = 0.78.  



Table  2-4 .  (Continued). 

F a c t o r .  6 
R e l a t ~ v e  t h ~ n i t u d ~  R e l a t i v c  : I l g n i t ~ d e  

Vari.!bl,,.. 
o f  F o r c e s  of 6ank E r o s i o n  

C u s i i t g  
R c l a t t v e  

Bmk E r o s i z n  
D u r r c t o n  

R i v e r  C o n d i t i o n  !loncobesl '~e S t r a t i f i e d  of F o r c e s  S o r ~ c o h e s i v e '  S t c a t i f i r d "  

( 1 )  (2) (3)  ( 4 )  ( 5 )  ( 6 )  ( 7 )  (8 )  (91  

Boat w l e ;  Nari l ra l  r ~ r r r  2  
s u r f ~ r v  

3 2 L .05 6  .OS 

prosiota N a t u r a l  r i v e r  w i t h  h i g h  banks 2  2 2 4 .OS 4 .06  
6 

p i p i n g  P o o l i ,  low b a l k s  3 4 2  6  .07 8 . I ]  

P o o l i ;  low barik?i w i t h  v r g e t a t i a n  3  3  2 6 .07 6 .OB 

P o o l s ;  h i g h  banks 4 5 2 8 . l o  10 . I 4  

Pool.5; h i g h  b.mks w i t h  i.eget.riun 3 4 2  6  .07 8 . I I  

Freeze-Thaw N a t u r a l  r i v e r  1  1  I  1  .OL 1  .01  

N a t u r a l  r i v e r  w i t h  h i g h  banks 1  I  I  1  . 0 1  1  .01 

P o o l s ;  low banks 1  1  1  1  .01 1  ' .01  

P o o l s ;  low h m k s  w i t h  v p g e t d t i u n  1 1  L 1  .01  1 .01 

P o o l s ;  h i g h  b m k -  1  1  I  1 . 0 1  1  .01  

P o o l s ;  h i g h  b m k s  w i t h  w g e t a t i a n  1  1  1  1  .01 1  .01  

ICP N a t u r a l  r i v c r  2  2 1  2 .02  2 .03  

N a t u r a l  r i v , . r  w i t h  h i g h  h n k q  3  2  1 3 . 0 4  2  .03  

P o o l s ;  low h.~:lks 2 2 I 2  . 0 2  2 .03 

P o o l s ;  low banks  w i t h  v r g e t a t i o n  1  1 1  1  .01  1  . 0 1  

P o o l s ;  h i g h  bank., 2 2  1  2  .02  2 .03  

P o o l s ;  h i g h  banks  w i t h  i c g c t a t i o n  1  1  I  1 .01 1 .01 

Srvpage ? la turd1  r i w r  2 3 2 4 .05 6 .08 
Forct.5 

N a t u r d l  r i v e r  w i t h  h i g h  banki  3  3 2  6 .07 6 .09 

P o o l s ;  low banks 2  3 2  4 .05  6 .08 

P o o l s ;  low banks  wzth  v e g e t a t i o n  2 3 2 4 . 0 5  6 .08 

Pool;; h i g h  bdnk:, 3  4 2 6  . 0 7  8 . I 1  

P o o l s ;  b i x h  banks wiLh vegetation 2 3  2  6 . 0 5  6 .08  

C n v i t . ~ t i * j u . t l  Nntttr.31 r l w r  2 2 2 4 .05 4 .06 

F o r r c s  
Natur.11 r i v e r  .v i th  h i g h  h ~ u k i  3 4 3 9 . I I  12 . I 7  

Foul;;  low banks  2  2 2 4 . 0 5  4 . 0 6  

P o o l s ;  low banks  w i t h  vcgcLaLinn 1  2 I  1  .01 2  .03  

P o o l s ;  h i g h  banks 3  I 3 9 . I 1  I 2  .I7 

P o o l s ;  high banks w i t h  vep;e ta t io l l  2  3  2  4 .05  6 .Os 



t o  t h i s  s c a l e ,  o t h e r  f a c t o r s  caus ing  bank e r o s i o n  i n  t h e  Connec t icu t  
R iver  have been r a t e d  a c c o r d i n g l y .  A s i m i l a r  r a t i n g  s c a l e  has  t h e n  been 
e s t a b l i s h e d  w i t h  regard  t o  t h e  r e l a t i v e  d u r a t i o n  o f  t h e s e  f o r c e s .  The 
s h e a r  stress i s  a c t i n g  a s  l o n g  a s  t h e  wa te r  i s  f lowing  and i s  r a t e d  a s  9 
i n  t h e  r e l a t i v e  d u r a t i o n .  F r e e z i n g  and thawi.ng e f f e c t  i s  u s u a l l y  a c t i v e  
f o r  a  s h o r t  p e r i o d  of t ime  and i s  r a t e d  a s  1. 

From t h e s e  two r a t i n g  s c a l e s ,  t h e  r e l a t i v e  magnitude of bank 
e r o s i o n  (HB) h a s  been d e f i n e d  a s  RB = (Mg)(DB) f o r  b o t h  t h e  noncohesive  

and s t r a t i f i e d  bank c o n d i t i o n s .  The r e s u l t i n g  v a l u e s  have t h e n  been 
s t a n d a r d i z e d  t o  t h e  s h e a r  s t r e s s  a c t i n g  on a  noncohesive  bank w i t h i n  a  
n a t u r a l  r i v e r  r e a c h .  A s  an  example of t h i s  t a b l e ,  t o  de te rmine  t h e  
r e l a t i v e  e f f e c t  of  poo l  f l u c t u a t i o n s  upon low, s t r a t i f i e d  banks w i t h i n  
t h e  o p e r a t i o n  l imits  of a  p o o l ,  t h e  M v a l u e  i s  3  (Column 4 ) ,  
v a l u e  i s  3 (Column 5 ) ,  and t h e  resu&ing  r e l a t i v e  magnitude o f  ban 
e r o s i o n  (RB) 1s (MB) x (DB) = 9 (Column 8 ) .  The r e l a t i v e  magnitude of 
t h e  bank e r o s l o n  f o r  a  s t r a t l f l e d  bank w i t h i n  a  n a t u r a l  r i v e r  r e a c h  i s  
72 and t h e  s t a n d a r d i z e d  v a l u e  i s  t h u s  9/72 E 0 . 1 3  (Column 9 ) .  

Inc rementa l  v a l u e s  o f  s h e a r  s t r e s s  a c t i n g  on t h e  banks o f  a  n a t u r a l  
r i v e r  w i t h  h i g h  banks formed of noncohesive m a t e r i a l  a r e  t a b u l a t e d  i n  
Tab le  2-5. For  t h e s e  c o n d i t i o n s ,  t o t a l  e f f e c t i v e  t r a c t i v e  f o r c e  a c t i n g  
on t h e  bank can b e  e s t i m a t e d  by adding t h e  0 .52  ydS from t h e  p r e c e d i n g  
t a b u l a t i o n s  t aken  from Table  2-4 t o  s h e a r  stress e x e r t e d  by t h e  f lowing  
wate r  on t h e  banks of t h e  channe l .  I n  summary, i f  s h e a r  stress i s  0 . 7 7  

4 ydS, t h e n  t o t a l  e f f e c t i v e  s h e a r  s t r e s s  w i l l  be  1 .29  ydS. I f  t h i s  v a l u e  
exceeds  t h e  c r i t i c a l  s h e a r  s t r e s s  a c t i n g  on t h e  banks ,  e r o s i o n  o f  t h e  
banks w i l l  occur  u n l e s s  p r o t e c t e d .  

I f  t h e  bank l i n e  i s  s u b j e c t e d  t o  e r o s i o n ,  s i z e  of r i p r a p  r e q u i r e d  
t o  s t a b i l i z e  t h e  bank l i n e  can be e s t i m a t e d  from S h i e l d s '  d iagram.  I n  
t h i s  c a s e  e s t i m a t e d  e f f e c t i v e  s h e a r  s t r e s s  a c t i n g  on t h e  r i v e r  bank can 
be  s u b s t i t u t e d  f o r  T i n  -c/(ys-y)Ds. I f  R,. > 500, t h e n  

The median d iamete r  o f  t h e  r e q u i r e d  s i z e  o f  r i p r a p  can be  approximated 
by s o l v i n g  f o r  D s .  Cons ider ing  t h e  numerator term 1.29 ydS i s  n o t  a  
c o n s t a n t ,  b u t  a  f u n c t i o n  of r i v e r  geometry and t h e  f o r c e s  a c t i n g  on t h e  
r i v e r  banks ,  i t s  v a l u e  can be  approximated f o r  each c o n d i t i o n  o r  
e v a l u a t e d  a s  above.  

The p r e c e d i n g  a n a l y s i s  a p p l i e s  Lo e s s e n t i a l l y  s t r a i g h t  r e a c h e s  of 
r i v e r  channe l .  T h i s  method of  a n a l y s i s  can be  extended t o  a p p l y  t o  t h e  
o u t s i d e  banks o f  a  r i v e r  system by c o n s i d e r i n g  t h e  l a t e r a l  v e l o c i t y  
d i s t r i b u t i o n  r e s u l t i n g  from t h e  p r o p e r t i e s  of t h e  r i v e r  bend ( F i g u r e  
2-15) .  The p rocedure  r e q u i r e s  an e s t i m a t e  of t h e  i n c r e a s e  i n  boundary 
s h e a r  s t r e s s  a c t i n g  on t h e  o u t s i d e  bank of  a  r i v e r  bend. 

4 For  s t r a i g h t  channe l s  t h e  f low of w a t e r  i s  more o r  l e s s  even ly  
d i s t r i b u t e d  s o  t h e  v e l o c i t y  remains b a s i c a l l y  c o n s t a n t  a c r o s s  a  c r o s s  
s e c t i o n  o f  t h e  s t ream.  I n  a  curved channe l  t h e  v e l o c i t y  o f  f low i s  
g e n e r a l l y  h i g h e r  on t h e  o u t s i d e  of t h e  bend and s m a l l e r  on t h e  i n s i d e .  



F i g u r e  2-15. L a t e r a l  d i s t r i b u t i o n  of v e l o c i t y  i n  a  bend ( a f t e r  Karak i ,  
Mahmood, Richardson,  Sirnons and S t e v e n s ,  1973) .  . 



Table 2-5. Example of est imated incremental  va lues  of shear  s t r e s s  
from d i f f e r e n t  processes .  

Var iab le  Causing t h e  Force Magnitude of 
on t h e  River  Bank Equivalent  Shear S t r e s s  

- - 

f lood  v a r i a t i o n  
normal s t age  v a r i a t i o n  
pool  f l u c t u a t i o n s  
wind waves 
boa t  waves 
f r eez ing  and thawing 
i c e  
seepage fo rces  
g r a v i t a t i o n a l  fo rces  

These changes i n  v e l o c i t y  cause even l a r g e r  changes i n  t h e  shear  s t r e s s  
a c t i n g  on t h e  bed and banks of t he  r i v e r .  The f a c t o r  by which t h e  mean 
shea r  s t r e s s  is increased  f o r  t h e  ou t s ide  of bends i n  curved channels 
changes depending on the  curva ture  of t he  channel.  For sharp bends with 

4 a  small  r ad ius  of curva ture ,  t h e  boundary shear  s t r e s s  on t h e  ou t s ide  of 
a  bend i s  approximately twice t h a t  of a  s t r a i g h t  channel.  

To i l l u s t r a t e ,  a  r i v e r  bend has a  r ad ius  of cu rva tu re ,  Rc = 1500 
f e e t  and width W = 300 f e e t .  

For t h i s  ca se ,  t h e  shear  s t r e s s  i n  t h e  bend i s  about  1 . 5  t imes t h a t  i n  
t he  s t r a i g h t  reach.  With t h i s  va lue  e s t a b l i s h e d ,  t h e  e f f e c t  o f  t h e  
o t h e r  fo rces  a c t i n g  on t h e  bank can be added t o  t h e  computed va lue  t o  
determine t h e  t o t a l  e f f e c t i v e  shear  s t r e s s  a c t i n g  on t h e  bank. Then the  
s t a b i l i t y  of t he  bank can be evaluated and i f  r i p r a p  i s  r equ i r ed ,  it can 
be s i zed  a s  descr ibed i n  t h e  preceding paragraphs.  

Considering . r i v e r  bends i n  gene ra l ,  t h e  shear  s t r e s s  i n  t h e  bend 
way can be eva lua ted  f o r  each case .  For more severe  cond i t i ons ,  t h e  
shear  s t r e s s  a c t i n g  on the  ou t s ide  bank i n  t h e  bend may b e  a s  much a s  
1 . 5  t imes a s  l a r g e  a s  f o r  t h e  s t r a i g h t  reach.  

Table 2-4 was developed based on t h e o r e t i c a l  cons ide ra t ion  of 
causa t ive  f a c t o r s  and a v a i l a b l e  d a t a .  Fu r the r  examinations of Table 2-4 
fol low.  

4 A summation of t h e  r e l a t i v e  magnitude of bank e ros ion  f o r  d i f f e r e n t  
f a c t o r s  causing eros ion  is determined from Table 2-4 and. i s  given i n  
Table 2-6. This  t a b l e  i n d i c a t e s  t h e  r e l a t i v e  importance of t hese  
f a c t o r s .  I n  decreas ing  importance they a r e :  shea r  s t r e s s  ( v e l o c i t y ) ,  



Table  2-6.  Sum of  r e l a t i v e  magnitude of bank e r o s i o n  f o r  d i f f e r e n t  
f a c t o r s .  

Sum of  R e l a t i v e  Magnitude of Bank Eros ion  
Var iab les  Causing Eros ion  Noncohesive S t r a t i f i e d  

Shear  stress o r  v e l o c i t y  359*(1.0);~+: 315 (0.88) 
Flood v a r i a t i o n  10 (0.03) 10 (0.03) 
Stage  v a r i a t i o n  27 (0.08) 24 (0.07) 
Pool f l u c t u a t i o n  63 (0.18) 54 (0.15) 
Wind waves, s u r f a c e  e r o s i o n  

and p i p i n g  14 (0.04) 14 (0.04) 
Boat waves, s u r f a c e  e r o s i o n  

and p i p i n g  34 (0.09) 42 (0.12) 
Freeze-thaw 6 (0.02) 6 (0.02) 
I c e  11 (0.03) 10 (0.03) 
Seepage f o r c e s  28 (0.08) 36 (0.10) 
Grava.t iona1 f o r c e s  31  (0.09) 40 (0.11) 

.:Talues a r e  ob ta ined  from summing t h e  r e l a t i v e  magnitude of b a s i c  
e r o s i o n  f o r  each  v a r i a b l e .  

 standardized v a l u e s  based on t h e  s h e a r  s t r e s s  ( o r  v e l o c i t y )  i n  
noncohesive banks.  For  example, f o r  f lood  v a r i a t i o n ,  101359 = 0.03.  

Table  2-7 .  Sum of  r e l a t i v e  magnitude of bank e r o s i o n  f o r  d i f f e r e n t  
c o n d i t i o n s .  

Condi t ions  
Sum of R e l a t i v e  Magnitude of Bank Eros ion  
Noncohesive S t r a t i f i e d  Average 

Natura l  r i v e r  1125-(1 oo)$:$< 107 (0.96) 109.5 (0.98) 
N a t u r a l  r i v e r  w i t h  

h i g h  bank 124 (1.11) 112 (1.00) 118.0 (1.05) 
Pools :  low banks 103 (0 .92)  97 (0.87) 100.0 (0.89) 
Pools :  low banks 

w i t h  v e g e t a t i o n  69 (0.62) 66 (0.59) 67.5 (0.60) 
Pools': h i g h  banks 106 (0.95) 102 (0.91) 104.0 (0.95) 
Pools :  h i g h  banks 

w i t h  vege ' t a t ion  69 (0.62) 69 (0.62) 69.0 (0.62) 

$:Values a r e  o b t a i n e d  from summing t h e  r e l a t i v e  magnitude o f  b a s i c  
e r o s i o n  f o r  each  r i v e r  c o n d i t i o n .  

**Standardized v a l u e s  based on t h e  n a t u r a l  r i v e r  wi th  noncohesive 'banks. 
For  example, f o r  poo ls  w i t h  low and noncohesive banks ,  100/112 = 0.89.  

Table  2-8. Number of e r o s i o n  s i t e s  p e r  m i l e  f o r  d i f f e r e n t  r e a c h e s .  

N a t u r a l  R iver  Poo ls  

Number of e r o s i o n  
s i t e s  19.0 8 4 

T o t a l  r i v e r  m i l e  20.8 120.2 
Number o f  e r o s i o n  

sites p e r  m i l e  0.91 0.70 



p o o l  f l u c t u a t i o n ,  b o a t  waves, g r a v i t a t i o n a l  f o r c e s ,  seepage f o r c e s ,  
s t a g e  v a r i a t i o n ,  wind waves, i c e ,  f l o o d  v a r i a t i o n ,  and f reeze- thaw.  I n  
g e n e r a l ,  t h e  s t r a t i f i e d  s o i l  i s  s l i g h t l y  less s u s c e p t i b l e  t o  bank 
e r o s i o n  t h a n  t h e  noncohesive banks excep t  when c o n s i d e r i n g  b o a t  waves, 
seepage f o r c e s ,  and g r a v i t a t i o n a l  f o r c e s .  O v e r a l l ,  t h e  predominant 
f o r c e  c a u s i n g  bank e r o s i o n  i s  t h e  s h e a r  s t r e s s  ( o r  v e l o c i t y ) .  

F u r t h e r  a n a l y s i s  of Tab le  2-4 p r o v i d e s  a  measure of t h e  r e l a t i v e  
magnitude of bank e r o s i o n  f o r  d i f f e r e n t  c o n d i t i o n s  (Table  2-7) .  T h i s  
t a b l e  demons t ra tes  t h a t  a  r each  w i t h  a  h i g h  bank i s  more s u s c e p t i b l e  t o  
e r o s i o n ,  and v e g e t a t i o n  i s  impor tan t  i n  s t a b i l i z i n g  t h e  bank. F u r t h e r -  
more, t h e  n a t u r a l  r i v e r  has  a  h i g h e r  p o t e n t i a l  f o r  bank e r o s i o n  t h a t  do 
t h e  p o o l s .  The average  sum of r e l a t i v e  magnitude of bank e r o s i o n  f o r  a  
n a t u r a l  r i v e r  i s  113.75 and t h a t  f o r  p o o l s  i s  84.75.  I n  o t h e r  words,  
t h e  n a t u r a l  r i v e r  is  roughly 1 .34 (113.75184-75 = 1.34) times more 
s u s c e p t i b l e  t o  major bank e r o s i o n  t h a n  p o o l s .  

The number of e r o s i o n  s i t e s  p e r  mile f o r  t h e  n a t u r a l  r i v e r  i s  0 . 9 2  
and t h a t  f o r  p o o l s  i s  0 .68  (Table 2 -8) .  T h e r e f o r e ,  t h e  measured d a t a  
i n d i c a t e  t h e  n a t u r a l  r i v e r  i s  1 . 3 5  (0 .91 j0 .70  = 1 .30)  t imes  more 
s u s c e p t i b l e  t o  bank e r o s i o n  than  p o o l s .  T h i s  i s  v e r y  c l o s e  t o  t h e  
t h e o r e t i c a l ,  e v a l u a t i o n  w i t h  a v a l u e  of 1 . 3 4 .  The most common t y p e  of 
e r o s i o n  i s  t h e  " s loughing ."  I n  a d d i t i o n ,  most observed e r o s i o n  s i t e s  
a r e  l o c a t e d  i n  p o o l s ,  s t r a i g h t  r e a c h ,  s t r a t i f i e d  s o i l ,  and v e g e t a t e d  
a r e a .  The above s t a t i s t i c s  cannot  be  d i r e c t l y  u t i l i z e d  t o  i n t e r p o l a t e  
t h e  c a u s e s  of e r o s i o n ;  an unbiased s t a t i s t i c a l  approach t h a t  c o n s i d e r s  

4 e r o s i o n  s i t e s  p e r  mile f o r  a  p a r t i c u l a r  c l a s s i E i c a t i o n .  F o r  example,  
t h e  l e n g t h  of v e g e t a t e d  bank l i n e  i s  much l o n g e r  t h a n  t h e  unvege ta ted  
zone i n  t h e s e  two a r e a s .  A d i r e c t  i n t e r p o l a t i o n  w i t h o u t  a  p r o p e r  
ad jus tment  on a  l i n e a r  m i l e  b a s i s  w i l l  i n d i c a t e  t h a t  t h e  t o t a l  number 
of observed e r o s i o n  s i t e s  w i t h  v e g e t a t e d  banks e r r o n e o u s l y  exceeds  t h o s e  
w i t h  b a r r e n  a r e a s .  

Based on t h e  above d i s c u s s i o n ,  t h e  t h e o r e t i c a l  approach a s  
p r e s e n t e d  i n  T a b l e  2-4, i s  j u s t i f i e d  c o n s i d e r i n g  p h y s i c a l  s i g n i f i c a n c e  
and f i e l d  o b s e r v a t i o n s .  However, f u r t h e r  i n v e s t i g a t i o n  o f  c a u s a t i v e  
f a c t o r s  i s  needed t o  improve t h e  i n f o r m a t i o n  gap and t h e  developed 
method. 

The u s e  o f  q u a s i - q u a n t i t a t i v e  o r d e r  o f  magnitude a n a l y s i s  t o  
de te rmine  impor tan t  p r o c e s s e s  a c t i n g  i n  a  channe l  p r o v i d e s  u s e f u l  
i n f o r m a t i o n  about  t h o s e  v a r i a b l e s  t h a t  a r e  most needed i n  r i v e r  response  
a n a l y s e s .  I n  t h e  above example, s h e a r  stress was found t o  be r e l a t i v e l y  
more i m p o r t a n t  t o  e r o s i o n  t h a n  were o t h e r  r i v e r  p r o c e s s e s .  T h e r e f o r e ,  
t h i s  p r o c e s s  shou ld  be s t u d i e d  i n  more d e t a i l .  

I n  g e n e r a l ,  r i v e r  o r  watershed response  a n a l y s e s  must r e q u i r e  two 
p r e l i m i n a r y  s t e p s .  F i r s t ,  c o n t r o l l i n g  p r o c e s s e s  must be  i d e n t i f i e d  and 
second,  t h e  most impor tan t  p r o c e s s e s  d e l i n e a t e d .  

2 . 6  QUALITATIVE ANALYSIS OF CHANNEL RESPONSE FOR SELECTED EXAMPLES 

General  

P rev ious  s e c t i o n s  have formed a  b a s i s  f o r  q u a l i t a t i v e l y  a n a l y z i n g  
channel  response t o  d i f f e r e n t  a c t i v i t i e s .  T h i s  s e c t i o n  t a k e s  t h o s e  



i d e a s  and i n t r o d u c e s  new ones t o  pe rmi t  e v a l u a t i o n  o f  s e l e c t e d  channel  
m o d i f i c a t i o n s .  Many channe l s  have achieved approximate  e q u i l i b r i u m  over  
long r e a c h e s .  For  e n g i n e e r i n g  purposes ,  such reaches  can be  cons idered  
s t a b l e .  However, t h i s  does n o t  mean s i g n i f i c a n t  changes o v e r  a  s h o r t  
p e r i o d  o f  t ime o r  o v e r  a  p e r i o d  o f  s e v e r a l  y e a r s  cannot  occur .  T h i s  i s  
evidenced by s t reams  t h a t  c o n t a i n  long reaches  t h a t  a r e  a c t i v e l y  
aggrading o r  degrad ing  a s  w e l l  a s  s t a b l e  r e a c h e s .  

Regard less  of t h e  degree  o f  channel  s t a b i l i t y ,  man's l o c a l  
a c t i v i t i e s  may produce major changes i n  r i v e r  c h a r a c t e r i s t i c s  b o t h  
l o c a l l y  and throughout  an  e n t i r e  r e a c h .  F r e q u e n t l y ,  t h e  r e s u l t  of a  
r i v e r  improvement i s  a  g r e a t e r  d e p a r t u r e  from e q u i l i b r i u m  t h a n  which 
o r i g i n a l l y  p r e v a i l e d .  Good d e s i g n  must seek  t o  enhance t h e  n a t u r a l  
tendency of t h e  s t ream toward e q u i l i b r i u m  c o n d i t i o n s .  T h i s  r e q u i r e s  a n  
unders tand ing  o f  t h e  d i r e c t i o n  and magnitude o f  change i n  channel  
c h a r a c t e r i s t i c s  caused by t h e  a c t i o n s  o f  man and n a t u r e .  T h i s  under- 
s t a n d i n g  can b e  o b t a i n e d  by: 1) s t u d y i n g  t h e  r i v e r  i n  a  n a t u r a l  
c o n d i t i o n ,  2)  having knowledge of t h e  sediment and w a t e r  d i s c h a r g e ,  3) 
be ing  a b l e  t o  p r e d i c t  t h e  e f f e c t s  and magnitude o f  man's f u t u r e  
a c t i v i t i e s ,  and 4) a p p l y i n g  t o  t h e s e  a  knowledge of geology,  s o i l s ,  
hydrology,  and h y d r a u l i c s  o f  a l l u v i a l  r i v e r s .  

P r e d i c t i n g  t h e  response t o  channel  development i s  a  v e r y  complex 
t a s k .  There a r e  a  l a r g e  number o f  v a r i a b l e s  involved i n  a n a l y s e s  t h a t  
a r e  i n t e r r e l a t e d  and can respond t o  changes i n  a  r i v e r  system and t h e  
c o n t i n u a l  e v o l u t i o n  of r i v e r  form. Channel geometry, b a r s ,  and forms of 
bed roughness a l l  change wi th  changing w a t e r  and sediment  d i s c h a r g e s .  
Because p r e d i c t i o n  of channel  response i s  n e c e s s a r y ,  u s e f u l  methods have 
been developed t o  q u a l i t a t i v e  and q u a n t i t a t i v e  e s t i m a t e  changes i n  
channel  sys tems.  

O u a l i t a t i v e  P r e d i c t i o n  of General  R iver  Resuonse 

Q u a n t i t a t i v e  p r e d i c t i o n  of response can be  made i f  a l l  o f  t h e  
r e q u i r e d  d a t a  a r e  known w i t h  s u f f i c i e n t  accuracy .  U s u a l l y ,  t h e  d a t a  a r e  
n o t  s u f f i c i e n t  f o r  q u a n t i t a t i v e  e s t i m a t e s  and o n i y  q u a l i t a t i v e  e s t i m a t e s  
a r e  p o s s i b l e .  

Lane (1955) s t u d i e d  t h e  changes i n  r i v e r  morphology i n  response  t o  
v a r y i n g  wate r  and sediment d i s c h a r g e .  Leopold and Maddock (1953) ,  
Schumm (1971),  and San tos  and Simons (1972) have a l l  i n v e s t i g a t e d  
channel  response t o  n a t u r a l  and imposed changes.  These s t u d i e s  s u p p o r t  
t h e  fo l lowing  g e n e r a l  r e l a t i o n s h i p s :  

1 .  Depth o f  f low y  i s  d i r e c t l y  p r o p o r t i o n a l  t o  wa te r  d i s c h a r g e  
Q .  

2 .  Channel wid th  W i s  d i r e c t l y  p r o p o r t i o n a l  t o  b o t h  wa te r  
d i s c h a r g e  Q and sediment d i s c h a r g e  Q . 

S 

3. Channel shape ,  expressed  a s  width  t o  dep th  W/y r a t i o  i s  
d i r e c t l y  r e l a t e d  t o  sediment d i s c h a r g e  Qs. 

4. Channel s l o p e  S i s  i n v e r s e l y  p r o p o r t i o n a l  t o  w a t e r  d i s c h a r g e  . 
Q and d i r e c t l y  p r o p o r t i o n a l  t o  b o t h  sediment d i s c h a r g e  Qs 
and median g r a i n  s i z e  D 5 ~  ' 



5 .  S i n u o s i t y  s i s  d i r e c t l y  p r o p o r t i o n a l  t o  v a l l e y  s l o p e  and 
i n v e r s e l y  p r o p o r t i o n a l  t o  sediment d i s c h a r g e  s . 

6.  T r a n s p o r t  of bed m a t e r i a l  Qs i s  d i r e c t l y  r e l a t e d  t o  s t ream 
power t V and c o n c e n t r a t i o n  of f i n e  m a t e r i a l  CF,  and 

0 
i n v e r s e l y  r e l a t e d  t o  t h e  f a l l  d iamete r  o f  t h e  bed m a t e r i a l  

D 5 ~  - 
A v e r y  u s e f u l  r e l a t i o n  f o r  p r e d i c t i n g  system response  was developed 

by Simons e t  a l .  (1975) e s t a b l i s h i n g  a  p r o p o r t i o n a l i t y  between bed- 
m a t e r i a l  t r a n s p o r t  and s e v e r a l  r e l a t e d  paramete rs .  

where to i s  bed s h e a r ,  V i s  c r o s s  s e c t i o n a l  average  v e l o c i t y ,  and C~ 

i s  c o n c e n t r a t i o n  o f  f i n e  m a t e r i a l  l o a d .  Equa t ion  2-21 can be modif ied 
by s u b s t i t u t i n g  yDS f o r  to, and 

Q = AV = WDV (2-22) 

from c o n t i n u i t y ,  y i e l d i n g  

4 I f  s p e c i f i c  we igh t  y i s  assumed c o n s t a n t  and c o n c e n t r a t i o n  o f  f i n e  
m a t e r i a l  CF i s  i n c o r p o r a t e d  i n  t h e  f a l l  d i a m e t e r ,  t h i s  r e l a t i o n  can be 
expressed  s imply a s  

Equa t ion  2-24 i s  e s s e n t i a l l y  t h e  r e l a t i o n  proposed by Lane (1955) ,  
e x c e p t  f a l l  d iamete r  which i n c l u d e s  t h e  e f f e c t  of t e m p e r a t u r e  on 
t r a n s p o r t  has  been s u b s t i t u t e d  f o r  t h e  p h y s i c a l  median d iamete r  used by 
Lane. 

A p p l i c a t i o n s  of Q u a l i t a t i v e  Ana lys i s  

Equa t ions  2-23 and 2-24 a r e  most u s e f u l  f o r  q u a l i t a t i v e  p r e d i c t i o n  
o f  channe l  r esponse  t o  n a t u r a l  o r  imposed changes i n  a  r i v e r  sys tem.  A 
well-known example i s  t h e  downstream response of a  r i v e r  t o  t h e  con- 
s t r u c t i o n  of a  dam (F igure  2-16) .  Aggradat ion i n  t h e  r e s e r v o i r  upst ream 
of t h e  dam w i l l  r e s u l t  i n  r e l a t i v e l y  c l e a r  wa te r  b e i n g  r e l e a s e d  down- 
s t ream o f  t h e  dam. Tha t  i s ,  Qs w i l l  be reduced t o  Qs downstream. 

Or lglnol Equlhbr~um Grade 

Degradation at Dam 

Base Level 
A 

Aggradotion Or il 

c' 

Base Level 
A . . 

F i g u r e  2-16. Channel ad jus tment  above and belc. .  . , ,A. 



Assuming f a l l  d iamete r  and wate r  d i s c h a r g e  remain c o n s t a n t ,  s l o p e  
must d e c r e a s e  downstream of  t h e  dam t o  b a l a n c e  t h e  p r o p o r t i o n a l i t y  of 
Equat ion 2-25 

I n  F i g u r e  2-16 t h e  o r i g i n a l  channel g r a d i e n t  between t h e  dam and a  
downstream geo log ic  c o n t r o l  ( l i n e  CA) w i l l  b e  reduced t o  a  new g r a d i e n t  
( l i n e  C'A) through g r a d u a l  d e g r a d a t i o n  below t h e  dam. With time t h e  
poo l  behind t h e  dam w i l l  f i l l  and sediment would a g a i n  be a v a i l a b l e  t o  
t h e  downstream r e a c h .  Then, excep t  f o r  l o c a l  scour  g r a d i e n t  C ' A  would 
i n c r e a s e  t o  o r i g i n a l  g r a d i e n t  CA t o  t r a n s p o r t  t h e  i n c r e a s e  i n  sediment 
l o a d .  Upstream t h e  g r a d i e n t  would e v e n t u a l l y  p a r a l l e l  t h e  o r i g i n a l  
g r a d i e n t ,  o f f s e t  by h e i g h t  o f  t h e  dam. Thus, dams w i t h  smal l  s t o r a g e  
c a p a c i t y  may induce  scour  and t h e n  d e p o s i t i o n  over  a  r e l a t i v e l y  s h o r t  
time p e r i o d .  

Q u a n t i t a t i v e  r e s u l t s  i n  a d d i t i o n  t o  q u a l i t a t i v e  i n d i c a t i o n s  of 
t r e n d s  a r e  a l s o  of i n t e r e s t .  The geomorphic r e l a t i o n  QS - QsDSO i s  

o n l y  a n  i n i t i a l  s t e p  i n  ana lyz ing  long-term channel  response problems. 
However, t h i s  i n i t i a l  s t e p  i s  u s e f u l  because  it warns o f  p o s s i b l e  f u t u r e  
d i f f i c u l t i e s  i n  d e s i g n i n g  channel  improvement and f lood  p r o t e c t i o n  works 
and p rov ides  a  good e s t i m a t e  of response t o  a l l  t y p e s  o f  r i v e r  
development. 

Q u a l i t a t i v e  Ana lys i s  Examples of River  Response 

Consider n e x t  s e v e r a l  r e l a t i v e l y  s imple  s i t u a t i o n s  commonly 
encountered by e n g i n e e r s ,  s c i e n t i s t s ,  and g e o l o g i s t s  i n  t h e  r i v e r  e n v i r -  
onment. Each c a s e  i s  in t roduced  by a  s k e t c h  t h a t  shows t h e  p h y s i c a l  
s i t u a t i o n  p r i o r  t o  a  s e l e c t e d  n a t u r a l  o r  man-induced change.  Below t h e  
s k e t c h  some major l o c a l  e f f e c t s ,  u p s t r e a ~ n  e f f e c t s ,  and downstream 
e f f e c t s  r e s u l t i n g  from n a t u r a l  p r o c e s s e s  o r  development a c t i v i t y  a r e  
g iven .  I t  i s  necessa ry  t o  emphasize t h a t  o n l y  g r o s s  l o c a l ,  upst ream,  
and downstream e f f e c t s  a r e  i d e n t i f i e d .  For  more d e t a i l  on regimes of 
f low,  bed forms, and r e s i s t a n c e  t o  f low and t h e i r  e f f e c t s  on r i v e r  
response r e f e r  t o  Simons and Sen turk  (1977) .  

I n i t i a l  r i v e r  c o n d i t i o n s  a r e  sometimes g iven  i n  terms of s t o r a g e  
dams, wa te r  d i v e r s i o n s ,  o r  o t h e r  works of man. These examples a r e  used 
i n  i l l u s t r a t i o n s  r e l a t i n g  t o  common e x p e r i e n c e .  For  more d e t a i l s  r e f e r  
t o  Simons e t  a l .  (1975) .  I n  g e n e r a l ,  t h e  e f f e c t  of a  s t o r a g e  r e s e r v o i r  
is  t o  cause  a  sudden i n c r e a s e  of base  l e v e l  f o r  t h e  upstream s e c t i o n  of 
t h e  r i v e r .  The r e s u l t  i s  a g g r a d a t i o n  of t h e  channel  upst ream,  
d e g r a d a t i o n  downstream, and a  m o d i f i c a t i o n  of t h e  downstream flow 
hydrograph. S i m i l a r  changes i n  t h e  channel  r e s u l t  i f  t h e  b a s e  l e v e l  
i s  r a i s e d  by some o t h e r  mechanism, such a s  u p l i f t  from t e c t o n i c  
a c t i v i t y .  The e f f e c t  of d i v e r s i o n s  from r i v e r s  i s  t o  d e c r e a s e  r i v e r  
d i s c h a r g e  downstream of t h e  d i v e r s i o n  w i t h  o r  wi thou t  an o v e r a l l  reduc- 
t i o n  of t h e  sediment  t r a n s p o r t .  S i m i l a r l y ,  changes i n  wa te r  and s e d i -  
ment i n p u t  t o  a  r i v e r  reach  o f t e n  occur  due t o  r i v e r  development 
p r o j e c t s  upstream from t h e  reach  under c o n s i d e r a t i o n  o r  a s  a  r e s u l t  of 
n a t u r a l  c a u s e s .  . 



F i g u r e  2-17 i l l u s t r a t e s  t h e  conf luence  of a  t r i b u t a r y  s t ream w i t h  
the. main channe l .  Average w a t e r  s u r f a c e  e l e v a t i o n  i n  t h e  main channe l  
a c t s  a s  t h e  b a s e  l e v e l  f o r  t h e  t r i b u t a r y .  I t  i s  assumed h e r e  t h a t  b a s e  
l e v e l  i n  t h e  main channel  has  been lowered by a  n a t u r a l  change i n  r i v e r  
environment o r  by man-induced change such  a s  lower ing  r e s e r v o i r  l e v e l  on 
t h e  main s tem.  Applying Equa t ion  2-24 t o  t h e  t r i b u t a r y  s t r e a m  shows 

t h a t  i n c r e a s e  i n  s l o p e  S' must be  balanced by i n c r e a s e  i n  sediment  

t r a n s p o r t  Q:.  Thus,  under new imposed c o n d i t i o n ,  t h e  l o c a l  g r a d i e n t  o f  
t h e  t r i b u t a r y  s t ream is  s i g n i f i c a n t l y  i n c r e a s e d .  T h i s  i n c r e a s e d  energy 
g r a d i e n t  induces  h e a d c u t t i n g  and c a u s e s  a  s i g n i f i c a n t  i n c r e a s e  i n  w a t e r  
v e l o c i t i e s  i n  t h e  t r i b u t a r y  s t ream.  The r e s u l t  i s  bank i n s t a b i l i t y ,  
p o s s i b l e  major changes i n  geomorphic c h a r a c t e r i s t i c s  o f  t h e  t r i b u t a r y  
s t ream and i n c r e a s e d  l o c a l  and g e n e r a l  s c o u r .  

Response t o  t h e  converse  s i t u a t i o n ,  r a i s i n g  t h e  b a s e  l e v e l ,  can be  
i l l u s t r a t e d  by c o n s i d e r i n g  r i v e r  response  t o  c o n s t r u c t i o n  o f  a dam 
( F i g u r e  2-18).  Whenever b a s e  l e v e l  of a  channel  i s  r a i s e d ,  a  p o o l  i s  
c r e a t e d  e x t e n d i n g  a  d i s t a n c e  upstream depending on channe l  g r a d i e n t  and 
dam h e i g h t .  T h i s  r e s u l t s  i n  a  "backwater" e f f e c t .  A s  w a t e r  and 
sediment  t r a n s p o r t e d  by t h e  r i v e r  e n c o u n t e r s  t h i s  p o o l ,  most of t h e  
sed iments  drop o u t  forming a  d e l t a - l i k e  fo rmat ion  a t  t h e  head of t h e  
poo l  which s l o w l y  advances downstream. D e p o s i t i o n  of sediment  a t  t h e  
e n t r a n c e  t o  t h e  p o o l  induces  a g g r a d a t i o n  i n  t h e  channe l  upst ream.  T h i s  
a g g r a d a t i o n  may ex tend  s e v e r a l  m i l e s  upst ream a f t e r  a  l o n g  p e r i o d  o f  
t i m e ,  p roduc ing  s i g n i f r c a n t  changes i n  r i v e r  geometry,  and i n c r e a s e d  

4 
f l o o d  s t a g e s  by r a i s i n g  t h e  channel  bed .  Again, Equa t ion  2-24 - p r o v i d e s  
an i n d i c a t i o n  of t h e  r e s p o n s e .  The d e c r e a s e  i n  s l o p e  S must be  
accompanied by a  d e c r e a s e  i n  t r a n s p o r t  c a p a c i t y  Q' o r  Q:- - Q~-D:*. 

S 

I t  i s  p o s s i b l e  t h a t  t h e  r i v e r  may become s u f f i c i e n t l y  perched s o  a t  some 
h igh  flow t h e  r i v e r  could  abandon t h e  o l d  channe l  and adop t  a  new one.  

Headcut Drop in Stream - Elevation 

' ~ a j n  Channal 

Local EfEects Upstream Effects Downstream Effects 

1. tieadcu t t ing 1. Increased velocity 1. Increased trhrlsport 

to main channel 
9 2. General scour 2. Increased bed 2. Az~rndation I 

material transport 

3. Local scour 3. Unstable channel 3 .  Increased flood 
st age 

4. nank instability 4. Possible change of 4 .  Possible ctlany,e of 
Corm of river form of river 

5. High velocities 

F i g u r e  2-17. Lowering o f  b a s e  l e v e l  f o r  t r i b u ~ a r y  s t ream 
(Simons e t  a l . ,  1975). 
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F i g u r e  2-18. R a i s i n g  base  l e v e l  i n  main channe l .  

As no ted  i n  F i g u r e  2-18, t h e  e f f e c t s  of r a i s i n g  t h e  b a s e  l e v e l  of 
t h e  main channel  i n c l u d e  an  i n c r e a s e  i n  b a s e  l e v e l  f o r  any t r i b u t a r i e s  
e n t e r i n g  t h e  pool  formed by t h e  main stem dam. The impact o f  t h i s  
change on t h e  t r i b u t a r i e s  i s  shown i n  F i g u r e  2-19. . 

Change i n  g r a d i e n t  o f  t h e  t r i b u t a r y  s t ream i n  most c a s e s  causes  
s i g n i f i c a n t  d e p o s i t i o n .  Th is  can be s e e n  from Equa t ion  2-24 where a  
d e c r e a s e  i n  s l o p e  i s  accompanied by a  d e c r e a s e  i n  sediment t r a n s p o r t  o r  

assuming c o n s t a n t  c o n d i t i o n s  of wa te r  d i s c h a r g e  and s i z e  of bed 
m a t e r i a l .  I n  t h i s  c a s e  an a l l u v i a l  f a n  develops  t h a t  i n  t ime  can d i v e r t  
t h e  r i v e r  o r  reduce t h e  waterway. I n  g e n e r a l ,  s t r eams  on a l l u v i a l  f a n s  
s h i f t  l a t e r a . 1 1 ~  s o  t h a t  t h e  f u t u r e  l o c a t i o n  of t h e  channel  i s  u n c e r t a i n .  

Alluvial 

,. ... 

Local. Effccts Upsrceam Effects Downstream Effects 

I . .  Alluvial fan 1. Erosion of banks 1. Aggradat ion 
reduces wntervay 

, ? .  Channel locat ion 2. Unstable channel 2. Flooding 
is ilncert.rin 

3. Lnrge transport 3 Develonrrient of 
r a ~ c  rributary biir in 

the plain channel 

F i g u r e  2-19. R a i s i n g  b a s e  l e v e l  f o r  t r i b u t a r y  s t ream.  



. A s i m i l a r  s i t u a t i o n  o c c u r s  n a t u r a l l y  where a  s t e e p  t r i b u t a r y  s t r e a m  
d r a i n i n g  an  upland r e g i o n  reaches  t h e  f l a t t e r  f l o o d p l a i n  of t h e  p a r e n t  
s t ream.  

The impact of c o n s t r u c t i o n  o f  a  dam on t h e  r e a c h  upst ream of t h e  
dam i s  a l s o  o u t l i n e d  i n  F i g u r e  2-18. C o n s t r u c t i o n  o f  an upstream 
s t o r a g e  dam p r o v i d e s  a  d e s i l t i n g  b a s i n  f o r  t h e  w a t e r  f lowing  i n  t h e  
sys tem.  I n  most i n s t a n c e s  a l l  o f  bed m a t e r i a l  load  coming i n t o  a  
r e s e r v o i r  d e p o s i t s  w i t h i n  t h e  r e s e r v o i r .  Water r e l e a s e d  from t h e  
r e s e r v o i r  i s  q u i t e  c l e a r .  The e x i s t i n g  r i v e r  channe l  i s  t h e  r e s u l t  of 
i t s  i n t e r a c t i o n  w i t h  normal water-sediment  f lows o v e r  a  l o n g  p e r i o d  of 
t i m e .  With t h e  sed iment - f ree  f lows t h e  channel  below t h e  dam i s  t o o  
s t e e p  and sed iments  a r e  e n t r a i n e d  from t h e  bed and t h e  banks b r i n g i n g  
abou t  s i g n i f i c a n t  d e g r a d a t i o n .  Channel banks may become u n s t a b l e  due t o  
d e g r a d a t i o n  and t h e r e  i s  a  p o s s i b i l i t y  t h a t  t h e  r i v e r ,  a s  i t s  p r o f i l e  
f l a t t e n s ,  may change i t s  p l a n  form (F igure  2-20). Assuming t h a t  p r i o r  
t o  dam c o n s t r u c t i o n  t h e  reach  below t h e  dam p l o t t e d  a s  a n  i n t e r m e d i a t e  
s t ream ( p o i n t  I ) ,  t h e  d e c r e a s e  i n  s l o p e  a t  c o n s t a n t  w a t e r  d i s c h a r g e  
could  move t h e  s t r e a m ' s  p l o t t i n g  p o s i t i o n  t o  p o i n t  2 i n  t h e  meandering 
r e g i o n  of t h e  c h a r t .  I n  t h e  extreme c a s e ,  it i s  p o s s i b l e  t h a t  degrada- 
t i o n  may cause  dam f a i l u r e  and t h e  r e l e a s e  of a  f l o o d  wave. 

Clear Water 
Release at Dam 

& 

Scou 
- 

;r 8 channel 
Degroda tion 

\ ~ i n o l  
I 

M e a n  Discharge  --c 

-- 

Local Effects Upstream Effects Downstream Effects 

1. Channel degradation 1. See upstrenin 1. Degradation 
effects, Fig. 3.17 

2 .  Possible change in 
river form 

2. Reduced flood stage 

3. Local scour 3. Reduced base level 

for tributaries, 
4 .  Possible bank increased velocity and 

instability reduced channel 
stability causing 

5 .  Possible dam failure increased sediment 
transport to main 
channel 

F i g u r e  2-20. C l e a r  wa te r  r e l e a s e  below a  dam. 



F i g u r e  2-21 i l l u s t r a t e s  a  s i t u a t i o n  where a r t i f i c i a l  c u t o f f s  have 
s t r a i g h t e n e d  t h e  channel below a  g iven  reach .  S t r a i g h t e n i n g  t h e  channel  
downstream of Reach A s i g n i f i c a n t l y  i n c r e a s e s  channel  s l o p e .  Th is  
causes  h i g h e r  v e l o c i t i e s ,  i n c r e a s e d  bed m a t e r i a l  t r a n s p o r t ,  d e g r a d a t i o n ,  
and p o s s i b l e  h e a d c u t t i n g  through Reach A .  This  can r e s u l t  i n  u n s t a b l e  
r i v e r  banks and a  b r a i d e d  s t ream form. O r i g i n a l  p l o t t i n g  p o s i t i o n  
(poimt 1) i s  moved t o  p o i n t  2 i n  t h e  b r a i d e d  r e g i o n  by i n c r e a s e  i n  
channel  s l o p e .  I n  a d d i t i o n ,  s t r a i g h t e n i n g  t h e  main channel  b r i n g s  about  
a  drop i n  base  l e v e l  and t r i b u t a r y  s t reams  f lowing i n t o  t h e  a f f e c t e d  
reach  of t h e  main channel  a r e  s u b j e c t e d  t o  c o n d i t i o n s  o u t l i n e d  i n  F i g u r e  
2-17.  

Slope  - 
(b1 

L,\ca l  E f f e c t s  Upstream E f f e c t s  Downstream E f f e c t s  

.. S t e e p e r  s l o p e  1 .  See  l o c a l  e f f e c t s  1 .  Dcpos i c ion  downs t r ea r  
of s t . r s i g h t e n e d  
c h a n n e l  

:. Higher ve1oci:y 

3 .  Inc reased  t r a n s p o r t  

2.. l n c r e a s c d  f l o o d  
s t a g e  

3 .  Loss  of channe l  
c a p a c i t y  

.. D c ~ r a d a t i o n  and 
p o s s i b l e  h e a d c u t t i n g  

5 .  Banks u n s t a b l e  

6 .  R i v e r  nay b r a i d  

i .  Degradat i -on  i n  
t r i b u t a r y  

F i g u r e  2-21. S t r a i g h t e n i n g  of a  reach  by c o n s t r u c t i o n  o f  c u t o f f s .  
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On t h e  o t h e r  hand, i f  t h e  s t r a i g h t e n e d  s e c t i o n  i s  des igned  t o  
t r a n s p o r t  t h e  sediment  l o a d s  t h a t  t h e  r i v e r  i s  capab le  of c a r r y i n g  b o t h  
upstream and downstream of t h e  s t r a i g h t e n e d  r e a c h ,  bank s t a b i l i t y  may 
n o t  d e c r e a s e .  Such a  channel  should  n o t  undergo s i g n i f i c a n t  change over  
e i t h e r  s h o r t  o r  l o n g  p e r i o d s  of t ime .  I t  i s  p o s s i b l e  t o  b u i l d  modif ied 
reaches  of main channe l s  t h a t  do n o t  i n t r o d u c e  major a d v e r s e  responses  
due t o  l o c a l  s t e e p e n i n g  o f  t h e  main channe l .  I n  o r d e r  t o  d e s i g n  a  
s t r a i g h t e n e d  channe l  s o  t h a t  it behaves e s s e n t i a l l y  a s  t h e  n a t u r a l  
channel  i n  terms of v e l o c i t i e s  and magnitude of bed m a t e r i a l  t r a n s p o r t ,  
it i s  u s u a l l y  n e c e s s a r y  t o  b u i l d  a  wider  s h a l l o w e r  s e c t i o n .  

Q u a l i t a t i v e  A n a l y s i s  o f  Response of Large S c a l e  Systems 

Simple examples p r e s e n t e d  above l e a d  i n t o  more complex ones f o r  
l a r g e  s c a l e  problems o r  sys tems.  However, it should b e  no ted  t h a t  t h e  
l a r g e  s c a l e  sys tems a r e  analyzed by t h e  same procedures  a s  s m a l l e r  
examples.  

Impact of C o n s t r u c t i o n  of a  Large Dam on a R iver  System Upstream of  
a  D i v e r s i o n  t o  an  I r r i g a t e d  Area 

A p a r t i c u l a r  r i v e r  system c a r r i e d  s i g n i f i c a n t  p e r c e n t a g e s  of f i n e  
sed iments  comprised o f  s i l t s  and c l a y s  d u r i n g  t h e  m a j o r i t y  of t h e  y e a r .  
An i r r i g a t i o n  d i v e r s i o n  system was developed l o n g  b e f o r e  t h e r e  was any 
c o n s t r u c t i o n  o f  dams upstream of  t h e  d i v e r s i o n  s t r u c t u r e  ( F i g u r e  2 -22) .  
The main f e e d e r  c a n a l  d i v e r t s  wa te r  from t h e  r i v e r  sys tem t o  t h e  i r r i -  

4 ga ted  a r e a  a t  t h e  d i v e r s i o n  s t r u c t u r e .  T h e r e a f t e r ,  i t  f lows around a  
s i d e  h i l l ,  comprised o f  r a t h e r  permeable m a t e r i a l s  i n c l u d i n g  sands  and 
g r a v e l s ,  p a s s e s  through a  c i t y  a r e a  where t h e r e  i s  r e l a t i v e l y  dense 
development a l o n g  b o t h  s i d e s  of t h e  c a n a l ,  and t h e n  c o n t i n u e s  downstream 
t o  s e r v e  t h e  d i s t a n t  i r r i g a t e d  a r e a .  

A l a r g e  s t o r a g e  dam was c o n s t r u c t e d  on t h e  r i v e r  immediate ly  
upstream of t h e  d i v e r s i o n  s t r u c t u r e .  The r e s e r v o i r  a c t s  a s  a d e s i l t i n g  
b a s i n  and w a t e r  r e l e a s e d  below t h i s  dam i s  e s s e n t i a l l y  c l e a r .  Th i s  
c l e a r  w a t e r  f lows down t h e  s h o r t  r e a c h  o f  r i v e r  channe l  and i s  t h e n  
d i v e r t e d  t o  t h e  i r r i g a t i o n  c a n a l .  Th i s  r e l e a s e  o f  c l e a r  w a t e r  may cause  
some d e g r a d a t i o n  immediately downstream of  t h e  dam b e f o r e  it e n t e r s  t h e  
c a n a l .  There  has  been some d e g r a d a t i o n  i n  t h e  main c a n a l  and e r o s i o n  
has  exposed more permeable bed and bank m a t e r i a l s  t h u s  i n c r e a s i n g  
seepage l o s s e s .  There  a r e  s e v e r a l  major d e t r i m e n t a l  consequences from 
t h e  i n c r e a s e d  seepage l o s s e s  i n c l u d i n g  1) s i g n i f i c a n t  d e c r e a s e  i n  t h e  
amount o f  wa te r  t h a t  can be  d e l i v e r e d  t o  t h e  farm u n i t s  f o r  i r r i g a t i o n  
and 2) seepage from t h e  c a n a l  system has  a p o t e n t i a l  t o  cause  a  r i s e  i n  
t h e  wa te r  t a b l e .  I n c r e a s e  i n  t h e  wa te r  t a b l e  level .  may cause  e x t e n s i v e  
damage t o  a d j a c e n t  b u i l d i n g s  by basement f l o o d i n g .  

There  a r e  o t h e r  p o t e n t i a l l y  d e t r i m e n t a l  f a c t o r s  t h a t  can a d v e r s e l y  
a f f e c t  t h e  i r r i g a t i o n  system.  For  example, w i t h  c l e a r  w a t e r  i n  t h e  
c a n a l  sys tem it w i l l  be a  s u i t a b l e  environment f o r  growth o f  a q u a t i c  
p l a n t s .  With t h e s e  p l a n t s  choking t h e  channe l s  t h e r e  w i l l  be added 

4 wate r  l o s s e s  and i t  w i l l  be  d i f f i c u l t  t o  convey r e q u i r e d  w a t e r  t o  t h e  
downstream i r r i g a t i o n  sys tems .  T h e r e f o r e ,  some t y p e  o f  p e r i o d i c  t r e a t -  
ment would be r e q u i r e d  t o  keep t h e  channe l s  f ree  of v e g e t a t i o n .  On t h e  
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farm u n i t s  where land has been i r r i g a t e d  by d ive r s ions  from head d i t c h e s  
i n t o  furrows,  t h e  head d i t ches  were designed and spaced so  t h a t  a  f a i r l y  
e f f i c i e n t  a p p l i c a t i o n  of water  could be  made wi th  water conta in ing  s i l t s  
and c l a y s .  With s i l t  and c l ay  i n  t h e  water ,  r e l a t i v e l y  long runs were 
poss ib l e .  I f  t h e  same lengths  of runs a r e  used wi th  c l e a r  water  t h e r e  
a r e  excess  seepage l o s s e s  and before  t h e  water reaches t h e  ends of t h e  
furrows, a l l  of i t  i s  i n f i l t r a t e d  thus  bu i ld ing  up t h e  groundwater 
l e v e l .  This  means t h a t  t he  d i s t r i b u t i o n  system on t h e  farm u n i t s  must 
be dramat ica l ly  changed. Length of runs may have t o  be c u t  i n  h a l f .  
This  w i l l  r e q u i r e  more head d i t ches  and more nonproductive space.  
Numerous d i t c h e s  may a l s o  add t o  problems of harves t ing .  

A s  r e f e r r e d  t o  p rev ious ly ,  c l e a r  water tends  t o  scour  banks and 
degrade t h e  bed of t h e  canal  system. I f  t h e  a t t a c k  i s  s u f f i c i e n t l y  
s eve re ,  channel s t a b i l i z a t i o n  may be requi red  o r  some type of l i n i n g  may 
be requi red  t o  minimize the  l o s s e s  of water and provide s t a b i l i t y .  

The Response of a  River System and In te rvening  Reaches of Channel 
t o  t he  Construct ion of Major Reservoirs  (Simons and L i ,  1977) 

I n  a n a l y s i s  of r i v e r  systems i t  i s  common t o  f i n d  water  resources  
development p r o j e c t s  t h a t  involve t h e  cons t ruc t ion  and use of major 
r e s e r v o i r s .  Such a  case i s  ou t l i ned  i n  F igure  2-23. The r e s e r v o i r  
i d e n t i f i e d  a s  A has been constructed on a  major r i v e r .  Reservoir  B 
f u r t h e r  downstream i s  planned f o r  subsequent development. A t  l o c a t i o n  
C t h e r e  i s  a  c i t y  t h a t  w i l l  be a f f e c t e d  by the  backwater from r e s e r v o i r  

4 B .  With t h i s  genera l  background, responses of t h e  system t o  these  
developments can be considered. Reservoir  A s t o r e s  on t h e  o rde r  of 
10,000,000 ac re  f e e t  of water .  However, even though i t  i s  l a r g e ,  it 
only s t o r e s  a  small  percent  of t h e  water t h a t  i s  annual ly  discharged 
from t h i s  watershed, a s  i l l u s t r a t e d  by i n s e r t e d  hydrograph. This  p a r t i -  
c u l a r  hydrograph po in t s  ou t  t h a t  approximately f i v e  t imes t h e  volume of 
t h e  r e s e r v o i r  flows down the  r i v e r  system each yea r .  A l l  sediment 
c a r r i e d  i n t o  t h e  r e s e r v o i r  i s  t rapped and t h e  q u a n t i t y  of water  t h a t  i s  
d e s i l t e d  is  approximately equal  t o  f i v e  t imes t h e  volume of t h e  
r e s e r v o i r ,  about 50,000,000 ac re  f e e t  pe r  yea r .  The sediment load 
c a r r i e d  by t h e  r i v e r  ranges from average t o  l a r g e  f o r  s i m i l a r  s i zed  
r i v e r s .  This  means t h a t  d e s i l t i n g  of such a  l a r g e  volume of water 
causes a  l a r g e  volume of sediment t o  be depos i ted  wi th in  r e s e r v o i r  A 
each yea r .  This  depos i t i on  can s i g n i f i c a n t l y  decrease  s t o r a g e  capac i ty  
f o r  hydropower, i r r i g a t i o n ,  and f lood c o n t r o l  i n  a  r e l a t i v e l y  s h o r t  
t ime. Furthermore, e s s e n t i a l l y  c l e a r  water i s  r e l ea sed  downstream of 
t h e  dam. The channel i s  comprised of ma te r i a l s  ranging from f i n e  sand, 
s i l t s ,  and c lays  t o  coarse g rave l .  Coarser m a t e r i a l s  i n  t h e  bed of the  
stream w i l l  tend t o  limit degradat ion induced downstream of t h e  dam by 
r e l e a s e  of c l e a r  water .  I t  i s  e s s e n t i a l  t o  not  only eva lua t e  t h e  r a t e  
a t  which t h e  l o s s  of l i v e  s to rage  occurs  i n  t he  r e s e r v o i r  b u t  t o  
document t h e  r a t e  and magnitude of u l t ima te  degrada t ion  so  t h a t  t h e  
s t r u c t u r e ' s  s a f e t y  can be adequately considered.  

Reservoi r  B i s  considered next .  This  p a r t i c u l a r  r e s e r v o i r  has 

4 
approximately t h e  same s to rage  capac i ty  a s  r e s e r v o i r  A .  Waters 
re leased  i n t o  t h i s  p a r t i c u l a r  r e s e r v o i r  w i l l  be e s s e q t i a l l y  c l e a r  
i n s o f a r  a s  t he  water coming through r e s e r v o i r  A i s  concerned. On t h e  
o the r  hand, two o t h e r  r i v e r  systems flow i n t o  r e s e r v o i r  B .  These a r e  





n o t  d e s i l t e d  and consequen t ly  c a r r y  s i g n i f i c a n t  q u a n t i t i e s  o f  sediment  
4 i n t o  t h e  r e s e r v o i r .  Once a g a i n  it i s  n e c e s s a r y  t o  c o n s i d e r  t h e  r a t e  of 

l o s s  o f  l i v e  s t o r a g e  a s  a consequence of i n f l o w i n g  sed iments .  I t  should 
a l s o  b e  recognized  t h a t  u l t i m a t e l y  r e s e r v o i r  A w i l l  l o s e  t h e  c a p a c i t y  
t o  s t o r e  sediment  and sediments  may b e  d i scharged  from r e s e r v o i r  A t o  
r e s e r v o i r  B .  On t h e  o t h e r  hand, t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  
r e s e r v o i r s  upstream of r e s e r v o i r  A w i l l  be  c o n s t r u c t e d .  T h i s  t y p e  of 
a c t i v i t y  can s i g n i f i c a n t l y  i n c r e a s e  t h e  l i f e t i m e  of  r e s e r v o i r s  such  a s  
A and B .  T h i s  i s  t y p i c a l  of what has  happened t o  downstream r e s e r -  
v o i r s  due t o  t h e  c o n s t r u c t i o n  of upstream r e s e r v o i r s  a l o n g  t h e  Colorado 
R i v e r .  

Because of t h e  importance of sediment i n  terms of economics of 
o p e r a t i o n  of t h e  r e s e r v o i r s  over  l o n g  p e r i o d s  o f  t i m e ,  a n  i n t e r e s t i n g  
problem w i t h  r e s p e c t  t o  r e s e r v o i r  B i s  t o  a t t e m p t  t o  c o n s t r u c t  i t  i n  
such a way t h a t  r e l a t i v e l y  l a r g e  q u a n t i t i e s  of sediment  can be 
d i s c h a r g e d  a n n u a l l y  from it i n s t e a d  of b e i n g  s t o r e d  w i t h i n  it. T h i s  
would i n v o l v e  b u i l d i n g  a l a r g e  ga ted  s t r u c t u r e  i n  such a way t h a t  
r e s e r v o i r  B could  e s s e n t i a l l y  run  a s  an  open r i v e r  d u r i n g  t h o s e  
p e r i o d s  of h i g h  flow when wate r  could  b e  passcd  th rough  t h e  sys tem.  
Then, toward t h e  end of t h e  runof f  p e r i o d ,  i t  would be  n e c e s s a r y  t o  
c l o s e  t h e  g a t e s  i n  t ime  t o  all.ow f i l l i n g  o f  t h e  r e s e r v o i r .  With t h i s  
t y p e  of o p e r a t i o n  it would be n e c e s s a r y  t o  empty t h e  r e s e r v o i r  a n n u a l l y .  
Otherwise ,  it would n o t  b e  p o s s i b l e  t o  p a s s  excess  sediments  th rough  t h e  
r e s e r v o i r  system. Hence, it can be  seen  t h a t  t h e r e  a r e  many t r a d e - o f f s  
t h a t  have t o  b e  cons idered  when de te rmin ing  economics o f  t h e s e  sys tems 
a s  w e l l  a s  t h e  response  o f  t h e  r i v e r s  and impacts  t h a t  may r e s u l t .  
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Loca t ion  C i s  cons idered  n e x t .  Here a c i t y  i s  l o c a t e d  on a r i v e r  
d i s c h a r g i n g  i n t o  a n  arm of  r e s e r v o i r  B .  Backwater from t h e  r e s e r v o i r  
may r e q u i r e  c o n s t r u c t i o n  of f l o o d  p r o t e c t i o n  works f o r  t h e  c i t y .  I n  
a d d i t i o n ,  de te rmin ing  wate r  l e v e l s  i n  t h e  v i c i n i t y  of t h e  c i t y  i s  n o t  
a d e q u a t e .  I t  is n e c e s s a r y  t o  r o u t e  w a t e r  and sediment  down t h e  r i v e r  
system i n t o  t h e  r e s e r v o i r  t o  determine r a t e s  of d e p o s i t i o n ,  l o c a t i o n  of 
d e p o s i t i o n ,  and how t h e s e  d e p o s i t s  of sediment may i n c r e a s e  r i v e r  s t a g e ,  
a g g r a v a t e  t h e  f l o o d i n g  s i t u a t i o n ,  i n c r e a s e  groundwater l e v e l ,  and 
perhaps  cause  o t h e r  adverse  responses .  

A s  t h e  above s imple  examples and c a s e  h i s t o r i e s  i l l u s t r a t e ,  
knowledge o f  t h e  q u a l i t a t i v e  responses  o f  a sys tem t o  changes i s  impor- 
t a n t  i n  unders tand ing  q u a n t i t a t i v e  changes .  Without t h i s  knowledge, 
mathemat ical  and p h y s i c a l  models can be c o n s t r u c t e d  t h a t  do n o t  and 
cannot  t r u l y  r e p r e s e n t  t h e  system be ing  s t u d i e d .  

A key t o  mathemat ical  modeling of watershed o r  channe l  r esponses  t o  
n a t u r a l  o r  man-induced changes i s  through u n d e r s t a n d i n g  o f  impor tan t  
p h y s i c a l  p r o c e s s e s .  These p r o c e s s e s  can be  b r o a d l y  grouped a s  
topography,  s o i l s ,  geology,  v e g e t a t i o n ,  c l i m a t e ,  hydrology and 
h y d r a u l i c s ,  and man's i n f l u e n c e .  P r o c e s s e s  d i f f e r  somewhat between 
watershed and channe l  sys tems,  bu t  t h e y  s h a r e  a common t r a i t  o f  being 

4 i n t e r r e l a t e d  and complex. I d e n t i f i c a t i o n  of p h y s i c a l  p r o c e s s e s  must 
c o i n c i d e  w i t h  d e t e r m i n a t i o n  o f  t h e  most impor tan t  ones .  T h i s  can be 



done through sensitivity analysis of mathematical models that describe 
the process or by relative order of magnitude comparisons. Once the 
processes are understood, they can be used to qualitatively predict 
system response or can be used to construct more representative mathe- 
matical models. Qualitative analysis often provides a check for 
resul-ts obtained from mathematical models. Either way knowledge of 
physical processes is necessary in understanding natural systems. 
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Chapter 3  

OVERVIEW OF STREAM MECHANICS AND RIVER SYSTEMS ANALYSIS 

3 . 1  INTRODUCTION 

Increas ing  i n t e r e s t  i n  water resource and land use  p lanning  has 
s t imula ted  development of p a r t i c u l a r  and genera l  watershed and r i v e r  
system models f o r  p r e d i c t i n g  response of eco log ica l  systems. The 
models, whether phys i ca l  process  s imula t ion  o r  conceptua l ,  a r e  intended 
t o  be u t i l i z e d  f o r  e s t ima t ing  phys i ca l  q u a n t i t i e s  t h a t  desc r ibe  major 
eco-system responses t o  p r e c i p i t a t i o n  such a s  water y i e l d ,  sediment 
y i e l d ,  changes of land and r i v e r  morphology, and t r a n s p o r t  of 
p o l l u t a n t s .  Nethods f o r  e s t ima t ing  water ,  sediment,  and o t h e r  p o l l u t a n t  
t r a n s p o r t  y i e l d s  a r e  requi red  f o r  a n a l y s i s  of t h e  economic f e a s i b i l i t y  
and t r ade -o f f s  of proposed water  resources o r  land use development i n  
watershed and r i v e r  systems and f o r  p r e d i c t i n g  p o s s i b l e  adverse environ- 
mental impacts a s soc i a t ed  with the  proposed development. 

A mathematical model is  simply a q u a n t i t a t i v e  express ion  of a 
process  o r  phenomenon. I n  a convent ional  method of a n a l y s i s ,  a s e r i e s  
of manual c a l c u l a t i o n s  may be requi red .  With advancement of numerical 
techniques and computer technology, a s e r i e s  of ted ious  computations can 
be conducted e f f i c i e n t l y ,  repea ted ly ,  and adequately through t h e  
formulat ion and cons t ruc t ion  of a mathematical model. U t i l i z i n g  a we l l  
developed model, an a r r a y  of "what-if" ques t ions  can be answered wi th  
minimum of t ime and e f f o r t .  Since no process  can be e n t i r e l y  understood 
and observed, any mathematical express ion  of a process  involves  some 
l e v e l  of unce r t a in ty .  This  unce r t a in ty  can be minimized by cons ider ing  
the  governing phys i ca l  processes  i n  the  a n a l y s i s  and p rope r ly  des igning ,  
c a l i b r a t i n g  and v e r i f y i n g  the  model. Model development, v e r i f i c a t i o n ,  
and a p p l i c a t i o n  r equ i r e s  cons ide ra t ion  of t h e  na tu re  of t h e  problems, 
phys i ca l  environment, ob jec t ive  of t he  s tudy ,  t ime,  manpower, and money. 
Since t ime,  manpower, and money a r e  l i m i t e d ,  model u se r s  and developers  
must decide on t h e  degree of complexity of t h e  model, and t h e  ex tens ive-  
ness  of t h e  v e r i f i c a t i o n s  t h a t  a r e  t o  be performed. According t o  
Overton and Meadows (1976), i f  a h ighly  complex mathematical representa-  
t i o n  of t h e  system under s tudy i s  made, r i s k  of no t  r ep re sen t ing  t h e  
system w i l l  be minimized bu t  d i f f i c u l t y  of ob ta in ing  a meaningful. 
s o l u t i o n  w i l l  be maximized. Data requirements,  programming e f f o r t ,  and 
computer t ime w i l l  be l a r g e ,  and t h e  o v e r a l l  complexity of t h e  mathe- 
mat ica l  handl ing may render  problem formulat ion i n t r a c t a b l e .  F u r t h e r ,  
resource c o n s t r a i n t s  of t ime,  money, and manpower may be exceeded. 
Conversely, i f  a s imp l i f i ed  mathematical model i s  s e l e c t e d  o r  developed 
without  proper  xamina t ion  of phys i ca l  s i g n i f i c a n c e ,  r i s k  of n o t  repre-  
s en t ing  t h e  phys i ca l  system w i l l  be maximized bu t  d i f f i c u l t y  i n  obta in-  
i ng  a s o l u t i o n  w i l l  be  minimized. F igure  3-1 i l l u s t r a t e s  t h e  concept of 
" t rade-of fs"  i n  model complexity. Knowledge of governing phys i ca l  
processes  and s e n s i t i v i t y  of system response i s  most important  i n  
determining t h e  app ropr i a t e  l e v e l  of a n a l y s i s .  I t  i s  p o s s i b l e  t o  s e l e c t  
o r  develop a model t h a t  i s  simple t o  use and involves a minimum l e v e l  of 
r i s k  i f  t h e  governing phys i ca l  processes  a r e  emphasized. 



Complexity of Mathemat icai  Model 

F i g u r e  3-1.  The model complexi ty  t r a d e - o f f  diagram ( a f t e r  Overton 
and Meadows, 1 9 7 6 ) .  

P h y s i c a l  p r o c e s s e s  governing watershed and r i v e r  responses  a r e  v e r y  
complicated.  T h e r e f o r e ,  many p a s t  s t u d i e s  have u t i l i z e d  a s t a t i s t i c a l  
i n t e r p r e t a t i o n  of observed response d a t a .  The u n i t  hydrograph method 
f o r  wa te r  r o u t i n g ,  Universa l  S o i l  Loss Equat ion f o r  s o i l  e r o s i o n ,  and 
h y d r a u l i c  e q u a t i o n s  f o r .  s t ream morphology a r e  examples of t h e s e  t y p e s  
of s t u d i e s .  I t  i s  d i f f i c u l t  t o  p r e d i c t  t h e  response o f  a watershed t o  
v a r i o u s  watershed developments o r  t r e a t m e n t s  u s i n g  such  methods, because  
t h e y  a r e  based on t h e  assumption of homogeneity i n  t ime and s p a c e .  
Mathemat ical ly  s i m u l a t i n g  governing p h y s i c a l  p r o c e s s  i s  a more v i a b l e  
way t o  e s t i m a t e  t h e  t ime-dependent response o f  wa te r sheds  and r i v e r  
sys tems t o  p r e c i p i t a t i o n  w i t h  v a r y i n g  l and  use  and w a t e r  r e s o u r c e s  
development. By a n a l z y i n g  b a s i c  ecosystem p r o c e s s e s  and t h e  impact  of 
management a c t i v i t i e s  on s p e c i f i c  p r o c e s s e s  it i s  p o s s i b l e  t o  p r e d i c t  
t h e  c a u s e - e f f e c t  r e l a t i o n s h i p s  between management a c t i v i t i e s  and eco- 
system response .  With t h e  a i d  o f  systems a n a l y s i s  t e c h n i q u e s ,  a 
d e s i r a b l e  combination of management a c t i v i t i e s  can be  s e l e c t e d  c o n s i d e r -  
i n g  b o t h  environmental  and resource  g o a l s .  

Th i s  c h a p t e r  p r e s e n t s  a b r i e f  assessment  o f  t h e  c u r r e n t  s t a t e - o f -  
t h e - a r t  u t i l i z e d  t o  ana lyze  watershed and r i v e r  sys tems ,  p h y s i c a l  
p rocesses  impor tan t  t o  a n a l y s i s ,  c r i t e r i a - r e l a t e d  t o  t h e  development 
of mathemat ical  models f o r  v a r i o u s  a p p l i c a t i o n s ,  p r o c e d u r a l  s t e p s  
involved i n  model development, and examples of a p p l i c a t i o n s  o f  models t o  
watershed and r i v e r  sys tems .  

3 .2  CURRENT STATE-OF-THE-ART 

Mathematical  models used t o  s i m u l a t e  t h e  e f f e c t s  o f  management 
a c t i v i t i e s  on ecosystem responses  can be  c l a s s i f i e d  a s  one of t h r e e  
types :  r e g r e s s i o n ,  "black box" s i m u l a t i o n ,  and phys ica l  p r o c e s s  



s imula t ion .  I f  models a r e  hybrids  of components t h a t  f a l l  i n t o  two o r  
a l l  t h r e e  of t h e s e  c a t e g o r i e s ,  they  a r e  c l a s s i f i e d  according t o  t he  
dominant t r a i t s  of t h e  model a s  a  whole (Simons and L i ,  1979). 

A general  weakness of regress ion  models a v a i l a b l e  f o r  use i n  water 
and land resources management ( e . g . ,  t h e  Musgrave approach t o  s o i l  
e ros ion ,  U.S. Fo res t  Se rv i ce ,  1976 i s  t h a t  t h e  v a r i a b l e s  r ep re sen t ing  
water and land uses  and condi t ions  a r e  not  s p e c i f i c  enough t o  r e f l e c t  
t h e  e f f e c t s  of many ind iv idua l  management a c t i v i t i e s .  I n  a d d i t i o n ,  
r eg re s s ion  models u sua l ly  r e q u i r e  s u f f i c i e n t  observed da t a  t o  c o r r e l a t e  
meaningful r e l a t i o n s .  This  i s  o f t e n  the  most s e r i o u s  drawback t o  t h i s  
approach. Furthermore, it i s  d i f f i c u l t  t o  p r e d i c t  t ime and space 
dependent processes  us ing  r eg res s ion  equat ions .  

Lumped parameter ("black box" o r  "s imulat ion programmingtf) type  of 
model i n t e r p r e t s  input -output  r e l a t i o n s  using overs impl i f ied  forms which 
may o r  may n o t  have phys ica l  s i g n i f i c a n c e .  A l l  p rocesses  r e l a t e d  t o  
movement of water and sediment through t h e  watershed a r e  "lumped" 
toge the r  i n t o  s e v e r a l  c o e f f i c i e n t s .  The c l a s s i c  example of a  lumped 
parameter model i s  t h e  r a t i o n a l  formula f o r  e s t ima t ing  peak d ischarge  
i . e . ,  Q = C I A  where Q i s  peak d ischarge ,  I i s  r a i n f a l l  i n p u t ,  A i s  
drainage a rea ;  and C i s  t h e  runoff c o e f f i c i e n t  r ep re sen t ing  t h e  major 
hydrologic  processes .  Such a  model i s  easy t o  use ,  b u t  has l imi t ed  
phys i ca l  meaning and may be inaccu ra t e .  I n  most ca ses ,  it i s  impossible  
t o  p r e d i c t  t h e  e f f e c t s  of a l t e r n a t i v e  combinations and sequences of 
management a c t i v i t i e s  occurr ing  on complex upland watersheds u t i l i z i n g  
lumped parameter models. Fu r the r ,  s imula t ion  programming models can 
only be made t o  r ep re sen t  a  p a r t i c u l a r  watershed by c a l i b r a t i n g  numerous 
i n t e r n a l  model c o e f f i c i e n t s  using water and sediment flow da ta  
documented f o r  e x i s t i n g  o r  p a s t  vege ta t ion  and s o i l  cond i t i ons .  I n  t he  
absence of adequate da ta  f o r  model c a l i b r a t i o n  wi th  s i g n i f i c a n t l y  
d i f f e r e n t  f u t u r e  vege ta t ion  and s o i l  condi t ions ,  p red ic t ed  f u t u r e  water 
and sediment flow using s imula t ion  programing models must be suspec t .  

Phys ica l  process  s imula t ion  models, however, avoid "lumping" 
phys i ca l ly  s i g n i f i c a n t  v a r i a b l e s  by deconiposing components such a s  
i n f i l t r a t i o n  and sediment detachment from raindrop sp l a sh .  By d e l i n e a t -  
ing  t h e  s e l e c t e d  phenomena i n t o  i t s  sepa ra t e  components, each ind iv idua l  
process  can be analyzed,  r e f ined ,  o r  a l t e r e d  t o  meet t h e  needs of t h e  
use r .  Consequently, a s  each process  component i s  upgraded, t h e  model 
becomes more r ep re sen ta t ive  of t h e  phys i ca l  system. Use of component 
process  models a l s o  allows inpu t  of v a r i a b l e s  t h a t  have phys i ca l  s i g n i -  
f i cance  t o  t h e  use r  and t h e  f i e l d  s i t u a t i o n .  A l l  of t h e  above charac- 
t e r i s t i c s  of component process  models allow g r e a t e r  f l e x i b i l i t y  than  
o the r  types of models. Advantages of phys i ca l  process  component models 
over o t h e r  types a r e  numerous. I n  gene ra l ,  phys i ca l  process  s imula t ion  
models a r e  supe r io r  t o  regress ion  type models o r  "black box" type 
mathematical models. Input  v a r i a b l e s  t o  process  models a r e  phys i ca l ly  
s i g n i f i c a n t  because they  i n d i c a t e  system response caused by changing one 
o r  more phys i ca l ly  s i g n i f i c a n t  va lues .  Phys ica l  process  s imula t ion  
models a r e  dynamic s imula t ion  systems. They a r e  n o t  assumed s t a t i o n a r y  
i n  e i t h e r  time o r  space and t h e r e f o r e  with l i t t l e  c a l i b r a t i o n  they  can 
be used t o  p r e d i c t  f u t u r e  response of t h e  system i n  r e a l  t ime and space.  
Furthermore, s i n c e  these  models a r e  formulated according t o  phys i ca l  
processes ,  they  a r e  app l i cab le  t o  a r eas  i n  which governing phys i ca l  
processes  a r e  t h e  same. 



Numerous mathematical models are available for predicting the 
response of watershed and river systems. A comprehensive review of 
nonpoint water quality modeling in wildland management was conducted 
by the U.S. Forest Service (1976). Herein, a brief review of available 
component models for predicting system response from watershed and river 
systems is given. 

Physical process simulation models include those models relating to 
the physical processes such as surface runoff, subsurface flow, raindrop 
splash erosion, overland flow erosion, channel flow routing, channel 
bank erosion, degradation, and aggradation. Streamflow models have 
received a great deal of attention in ecosystem modeling. A great deal 
of research has been conducted on the components within the hydrologic 
cycle with water as the prime carrier of sediment and pollutants. 
Research on streamflow and the hydrologic cycle provides necessary 
ingredients for advancement of the physical process simulation model for 
estimating transport of sediment and other pollutants. Determination 
of resistance to flow is usually the most important item for calibraton 
of streamflow models. Resistance to flow is a function of bed material 
size, bed form, river stage, temperature, etc. It is often difficult 
to predict resistance to flow in cobble and boulder bed rivers. Recent 
studies at Colorado State University by Simons et al. (1979) further 
demontrated the dynamics of flow resistance in mountain rivers. They 
indicated that released sediment from upstream watershed or bank erosion 
during a flood fills the space between and may completely cover the 
roughness elements. Thereafter the cobble channel behaves as a sand bed 
upper regime channel with a reduced resistance to flow. A better under- 
standing of resistance to flow for a variety of river and land surface 
conditions is needed. 

Methodologies presented in the literature identify three basic 
types of mathematical approaches to watershed and river analysis: 1) 
the analytical solution, 2) the finite difference method, and 3) the 
finite-element method. Hann and Young (1972) and Simons et al. (1977a) 
provide a review of finite difference models using both implicit and 
explicit solution techniques. Analytical solutions are usually limited 
by simplified assumptions and are applicable to restricted conditions. 
The finite-element technique has been actively applied recently, 
especially to the modeling of microscopic flow phenomena. In the 
finite-element method the original continuous problem is reduced to a 
system of ordinary differential equations in time. These can be solved 
by traditional techniques. Due to the fundamentals of finite-element 
formulation, completely arbitrary geometries may be modeled. Thus, 
spatial programming is not required to fit highly irregular boundaries. 
In addition, the feature of variable element size can be used to create 
a fine mesh of elements in areas of high varible gradients in order to 
obtain the desired accuracy and detail in sensitive regions. Common 
boundary conditions are also handled easily by the finite-element 
method. The major drawback to the finite-element method is the required 
computer time. This constraint will be less significant in the future 
as numerical techniques and computer software advancements occur. 

Degradation, .aggradation, and movement of sediment and other 
pollutants in watersheds and river systems are closely related to water 
movement. Streamflow and water routing models have received the most 



i n t e n s i v e  s t u d y .  The a b i l i t y  of t h e  m a j o r i t y  o f  a v a i l a b l e  s t reamflow 
and w a t e r  r o u t i n g  models t o  r e l a t e  wi ld land  a c t i v i t i e s  t o  t h e i r  unique 
environments  and t o  account  f o r  s p a t i a l  d i v e r s i t y  i s  n o t  w e l l  demon- 
s t r a t e d .  A model t h a t  w i l l  p r e d i c t  e f f e c t s  of management a c t i v i t i e s  
and r e p r e s e n t  s p a t i a l  and temporal  v a r i a b i l i t y  of b o t h  a c t i v i t i e s  and 
p r o c e s s e s  i s  needed. 

Ex i . s t ing  sediment  models i n  watershed systems d e a l  mainly  . w i t h  
s u r f a c e  e r o s i o n .  P rocess  models f o r  u n s t a b l e  channel  e r o s i o n  o r  models 
f o r  p r e d i c t i n g  mass was t ing  and i t s  i n t e r a c t i o n  w i t h  channe l s  a r e  n o t  
y e t  a v a i l a b l e .  Almost a l l  e x i s t i n g  s u r f a c e  e r o s i o n  models a r e  based on 
e i t h e r  t h e  Musgrave approach o r  t h e  U n i v e r s a l  S o i l  Loss Equa t ion  (U.S. 
F o r e s t  S e r v i c e ,  1976) .  These models a r e  d i f f i c u l t  t o  use  because  t h e y  
a r e  i n s e n s i t i v e  t o  s p a t i a l  and temporal  v a r i a b i l i t y  of management 
a c t i v i t i e s .  I n  1975, Simons e t  a l .  (1975a) developed a  numer ica l  model 
t o  s i m u l a t e  p h y s i c a l  p r o c e s s e s  governing sediment  movement on smal l  
w a t e r s h e d s .  The model can p r e d i c t  e f f e c t s  of management a c t i v i t i e s  on 
sediment  y i e l d  i n  b o t h  t ime and space .  T h i s  model i s  b e i n g  modif ied t o  
accommodate u n s t a b l e  channel  e r o s i o n  and d e p o s i t i o n ,  a  more complex 
wate r shed  system,  and long-term s i m u l a t i o n  of response  c o n s i d e r i n g  
i n t e r s t o r m  p e r i o d s .  I n  a d d i t i o n ,  f o r  coup l ing  t h e  n i t r o g e n ,  phospho- 
r o u s ,  e t c .  movement w i t h  wa te r  and sed iment ,  it has  been modif ied t o  
r o u t e  t h e  sediment  accord ing  t o  sediment s i z e s  (Li  e t  a l . ,  1977) .  Th i s  
i s  n e c e s s a r y  because  d i f f e r e n t  s i z e s  of sediment  have d i f f e r e n t  up take  
r a t e s  f o r  d i f f e r e n t  con taminan ts .  

I t  i s  impor tan t  t o  recognized t h a t  a  r i v e r  i s  a  dynamic sys tem.  An 
a l l u v i a l  r i v e r  i s  g e n e r a l l y  con t inuous ly  changing i t s  p o s i t i o n  and shape 
a s  a  consequence of h y d r a u l i c  f o r c e s  a c t i n g  on i t s  bed and banks and a s  
a  r e s u l t  of t h e  i n t e r a c t i o n  o f  t h e s e  f o r c e s  w i t h  t h e  b i o l o g i c a l  pro-  
c e s s e s  of t h e  r i v e r  environment .  These changes may be slow o r  r a p i d  and 
may r e s u l t  from n a t u r a l  e v e n t s  o r  from man's a c t i v i t i e s .  When a  r i v e r  
channe l  i s  modif ied l o c a l l y ,  t h e  change f r e q u e n t l y  c a u s e s  m o d i f i c a t i o n  
of channe l  c h a r a c t e r i s t i c s  b o t h  up and downstream and can b e  p ropaga ted  
f o r  l o n g  d i s t a n c e s .  Many a v a i l a b l e  r i v e r  r o u t i n g  models e i t h e r  n e g l e c t  
t h e  dynamic response  due t o  sediment movement o r  a r e  i n s e n s i t i v e  t o  
man's a c t i v i t i e s .  I n  a  p a r a l l e l  s t u d y  completed a t  Colorado S t a t e  
U n i v e r s i t y  by Simons e t  a l .  (1975b) a  one-dimensional  w a t e r  and sediment  
r o u t i n g  model was used t o  s i m u l a t e  dynamic response  of r i v e r - b e d  e l e v a -  
t i o n  r e s u l t i n g  from o p e r a t i o n  of l o c k s  and dams. T h e i r  model can be 
used t o  s t u d y  t h e  s h o r t -  and long-term impacts  of t h e  e f f e c t s  of d i f f e r -  
e n t  o p e r a t i o n a l  schemes f o r  l o c k s  and dams, t h e  e f f e c t s  o f  p o o l s  on 
behav ior  and form of t h e  t r i b u t a r y  r i v e r s ,  t h e  impact  of changes i n  
w a t e r  and sediment  i n f l o w s  on morphology of  t h e  r i v e r  and a d j a c e n t  
l a n d s ,  and t h e  impacts  of d redg ing  and dredged m a t e r i a l  d i s p o s a l  on t h e  
h y d r a u l i c  response  and s e d i m e n t a t i o n  i n  t h e  channe l .  

I n  a  r e c e n t  s t u d y  conducted by Simons e t  a l .  (1978b) f o r  t h e  U.S.  
Army Corps of E n g i n e e r s ,  Vicksburg D i s t r i c t ,  s e d i m e n t a t i o n  problems of  
t h e  Yazoo R i v e r  Basin  were i n v e s t i g a t e d .  Th is  i s  a  l a r g e  and compre- 
hens ive  mathemat ical  modeling e f f o r t  i n c l u d i n g  abou t  one-four . th  of t h e  
S t a t e  o f  M i s s i s s i p p i ,  27 major r i v e r s ,  f o u r  major r e s e r v o i r s ,  and 
s e v e r a l  s m a l l e r  s t r e a m s  and r e s e r v o i r s .  I n  a n a l y z i n g  l a r g e  r i v e r  
sys tems l i k e  t h e  Yazoo, development o f  a  d a t a  s t o r a g e  and r e t r i e v a l  
sys tem i s  i m p e r a t i v e .  



Sediment t r a n s p o r t  i s  one of t h e  most impor tan t  v a r i a b l e s  needed 
f o r  e v a l u a t i n g  e r o s i o n ,  sed imenta t ion ,  and channel morphology. Capac i ty  
of a  s t ream t o  t r a n s p o r t  sediment depends on h y d r a u l i c  p r o p e r t i e s  of t h e  
s t ream channe l .  Such v a r i a b l e s  a s  s l o p e ,  roughness ,  channel  geometry,  
d i s c h a r g e ,  v e l o c i t y ,  t u r b u l e n c e ,  f l u i d  p r o p e r t i e s ,  and s i z e  and grada-  
t i o n  o f  t h e  sediment a r e  c l o s e l y  r e l a t e d  t o  t h e  h y d r a u l i c  v a r i a b l e s  
c o n t r o l l i n g  t h e  c a p a c i t y  of t h e  s t ream t o  c a r r y  w a t e r ,  and a r e  s u b j e c t  
t o  mathemat ical  a n a l y s i s .  T o t a l  sediment load  of a  s t ream i s  t h e  sum of 
bed m a t e r i a l  load  and wash l o a d ,  o r  bed load  and suspended l o a d ,  o r  
measured and unmeasured l o a d .  

Because bed m a t e r i a l  i s  t r a n s p o r t e d  a s  b o t h  suspended l o a d  and bed 
load  t h e  d i f f e r e n t  p h y s i c a l  laws governing t h e s e  modes o f  t r a n s p o r t  must 
be  i n c o r p o r a t e d  i n t o  any method f o r  p r e d i c t i n g  t o t a l  t r a n s p o r t  of bed 
m a t e r i a l .  A s  impl ied  by t h e  d e f i n i t i o n s ,  t h e  d i s t i n c t i o n  between bed 
m a t e i a l  load  and wash load  i s  of importance.  Bed m a t e r i a l  i s  t r a n s -  
p o r t e d  a t  t h e  c a p a c i t y  of t h e  s t ream and i s  f u n c t i o n a l l y  r e l a t e d  t o  
measurable h y d r a u l i c  v a r i a b l e s .  Wash load  i s  n o t  u s u a l l y  t r a n s p o r t e d  
a t  t h e  c a p a c i t y  of t h e  s t ream b u t  depends i n s t e a d  on i t s  a v a i l a b i l i t y  
and i s  n o t  f u n c t i o n a l l y  r e l a t e d  t o  h y d r a u l i c  v a r i a b l e s .  While t h e r e  i s  
no c l e a r  demarcat ion between wash l o a d  and bed m a t e r i a l  l o a d ,  one 
g e n e r a l  g u i d e l i n e  assumes t h a t  bed m a t e r i a l  load  c o n s i s t s  of s i z e s  e q u a l  
t o  o r  g r e a t e r  t h a n  0.062 mm ( d i v i s i o n  between sand and s i l t ) .  Another 
reasonab le  c r i t e r i a  i s  t o  choose a  sediment  s i z e  f i n e r  t h a n  t h e  s m a l l e s t  
10 p e r c e n t  of t h e  bed m a t e r i a l  a s  t h e  p o i n t  of d i v i s i o n  between wash 
load  and bed m a t e r i a l  l o a d .  

Sediment p a r t i c l e s  t h a t  c o n s t i t u t e  bed m a t e r i a l  load  a r e  
t r a n s p o r t e d  e i t h e r  by r o l l i n g  o r  s l i d i n g  a long t h e  bed (bed l o a d )  o r  i n  
suspens ion .  Again, t h e r e  i s  no s h a r p  d i s t i n c t i o n  between bed l o a d  and 
suspended load .  A p a r t i c l e  of t h e  bed m a t e r i a l  load  can move p a r t  of 
t h e  t ime  i n  c o n t a c t  wi th  t h e  bed and a t  o t h e r  t imes  be suspended by t h e  
flow. G e n e r a l l y ,  t h e  amount o f  bed m a t e r i a l  moving i n  c o n t a c t  w i t h  t h e  
bed o f  a  l a r g e  sand bed r i v e r  i s  o n l y  a  smal l  p e r c e n t a g e  of t h e  bed 
m a t e r i a l  moving i n  suspens ion .  These two modes o f  t r a n s p o r t  f o l l o w  
d i f f e r e n t  p h y s i c a l  laws which must be  i n c o r p o r a t e d  i n t o  any e q u a t i o n  
f o r  e s t i m a t i n g  t h e  bed m a t e r i a l  d i s c h a r g e  of a  r i v e r .  

Limited q u a n t i t i e s  of f i n e  m a t e r i a l  moving a s  wash l o a d  u s u a l l y  
w i l l  n o t  pose  d i r e c t  i n h i b i t i n g  development a c t i v i t i e s  i n  t h e  r i v e r i n e  
environment.  However, l a r g e  c o n c e n t r a t i o n s  of f i n e  m a t e r i a l s  can  
i n f l u e n c e  t h e  c a p a c i t y  of a  s t ream t o  t r a n s p o r t  bed m a t e r i a l  th rough  
it i n f l u e n c e  on f l u i d  p r o p e r t i e s  such  a s  v i s c o s i t y  and d e n s i t y ,  bank 
s t a b i l i t y ,  growth of a q u a t i c  p l a n t s ,  t h e  biomass of t h e  channe l ,  e t c .  

For  a  d e t a i l e d  t r e a t m e n t  of c u r r e n t l y  used suspended and bed 
m a t e r i a l  l o a d  t r a n s p o r t  t h e o r i e s  r e f e r  t o  Vanoni (1976) and Simons and 
Sen turk  (1977) .  Data on sediment t r a n s p o r t  i n  s t e e p  channel  systems i s  
g e n e r a l l y  u n a v a i l a b l e  due t o  t h e  d i f f i c u l t y  a s s o c i a t e d  w i t h  c o l l e c t i n g  
d a t a  i n  t h e  l a b o r a t o r y  and f i e l d  environments .  Yet many s t reams  i n  t h e  
upland watershed a r e  s t e e p  and mountainous channe l s .  R e c e n t l y ,  B a t h u r s t  
e t  a l .  (1979) r e p o r t e d  a  l a b o r a t o r y  e f f o r t  on sediment  t r a n s p o r t  i n  
s t e e p  channe l s  w i t h  s l o p e s  ranging from one t o  t w e n t y - f i v e  p e r c e n t .  



Hydraulic geometry i s  a  genera l  term appl ied  t o  a l l u v i a l  channels 
t o  denote r e l a t i o n s h i p s  between d ischarge ,  t h e  channel morpohology, 
hydrau l i c s ,  and sediment t r a n s p o r t .  I n  self-formed a l l u v i a l  channels ,  
t h e  morphologic, hydrau l i c ,  and sedimentat ion c h a r a c t e r i s t i c s  of t h e  
channel a r e  determined by a  l a r g e  v a r i e t y  of f a c t o r s .  I n  gene ra l ,  t h e s e  
r e l a t i o n s  apply t o  channels wi th in  a  physiographic region and can be 
der ived  from da ta  a v a i l a b l e  on gaged r i v e r s .  I t  i s  understood t h a t  
hydraul ic  geometry r e l a t i o n s  express  t h e  i n t e g r a t e d  e f f e c t  of a l l  t h e  
hydrau l i c ,  hydrologic ,  meteorologic ,  and geologic  v a r i a b l e s  i n  a  
dra inage  bas in .  

Geometric r e l a t i o n s  descr ib ing  a l l u v i a l  streams a r e  necessary  i n  
r i v e r  engineer ing  and r i v e r  modeling. Forerunners of such r e l a t i o n s  a r e  
t he  regime equat ions developed t o  design s t a b l e  a l l u v i a l  cana l s .  A 
genera l ized  ve r s ion  of hydraul ic  geometry r e l a t i o n s  was developed by 
Leopold and Maddock (1953) f o r  d i f f e r e n t  regions i n  t h e  United S t a t e s  
and f o r  d i f f e r e n t  types  of r i v e r s .  Geometric r e l a t i o n s  a r e  u sua l ly  
appl ied  t o  provide an approximation of r i v e r  response. I n  a d d i t i o n ,  
Lane's geomorphic response r e l a t i o n  s t a t i n g  t h a t  t h e  product  of t h e  
water d i scharge  and s lope  i s  p ropor t iona l  t o  t h e  product  of t h e  sediment 
d ischarge  and t h e  bed ma te r i a l  s i z e  (Simons and Senturk,  1977) i s  use fu l  
i n  q u a l i t a t i v e  a n a l y s i s  of r i v e r  response. For a  d e t a i l e d  d e s c r i p t i o n  
of c u r r e n t  knowledge on r i v e r  morphology r e f e r  t o  Schumm (1977) and 
Simons and Senturk (1977) .  

3 . 3  PHYSICAL PROCESSES IMPORTANT TO THE ANALYSIS 

Phys ica l  processes  governing watershed and r i v e r  response a r e  
complicated. Two primary inpu t s  t o  t he  ecosystem a r e  c l i m a t i c  i npu t s  
and man's a c t i v i t i e s .  Cl imatic  i npu t s  inc lude  p r e c i p i t a t i o n  ( r a i n  o r  
snow), s o l a r  r a d i a t i o n ,  a i r  c u r r e n t s ,  and moisture.  Man's a c t i v i t i e s  
important t o  watershed and r i v e r  a n a l y s i s  inc lude  weather modi f ica t ion ,  
urban development, watershed management, f i r e ,  energy resource 
a c q u i s i t i o n ,  water resources development, land-use zoning, mining 
a c t i v i t e s ,  water supply and i r r i g a t i o n ,  r e c r e a t i o n a l  development, 
development and opera t ion  of t r a n s p o r t a t i o n  systems,  a p p l i c a t i o n  of 
f e r t i l i z e r s ,  he rb i c ides  and p e s t i c i d e s ,  locks and dam cons t ruc t ion  and 
ope ra t ion ,  r i v e r  channel iza t ion ,  r i v e r  t r a i n i n g ,  t r a n s b a s i n  water 
d i v e r s i o n s ,  t imber p l a n t i n g  and harves t ing ,  and graz ing  and browsing. 
Processes  t h a t  govern responses from watersheds and r i v e r s  a r e  numerous. 
Key phys i ca l  processes  a r e  atmospheric,  v e g e t a t i v e ,  ground s u r f a c e ,  
overland flow, mass wast ing,  s t ream, s o i l ,  and groundwater p roces ses .  
Atmospheric processes  d e a l  wi th  a e r o s o l i z a t i o n ,  t r a n s p o r t  phenomena, 
d i f f u s i o n ,  d i spe r s ion ,  convection, and p a r t i c l e  dynamics. Vegetat ive 
processes  inc lude  i n t e r c e p t i o n ,  evapora t ion ,  t r a n s p i r a t i o n ,  n i t rogen  
f i x a t i o n ,  l i t t e r  product ion,  ground cover func t ions ,  p l a n t  success ion ,  
and thermal balance modulation. Ground su r f ace  processes  account f o r  
i n f i l t r a t i o n ,  depress ion  s t o r a g e ,  evapora t ion ,  thermal ba lance ,  l i t t e r  
accumulation and decay, and raindrop sp l a sh  s o i l  e ros ion .  The overland 
flow processes  involve water flow rout ing  (both su r f ace  and subsur face) ,  
sediment detachment and t r a n s p o r t ,  p o l l u t a n t  absorp t ion  and t r a n s p o r t ,  
r i l l  development and thermal d i f f u s i o n .  The mass wast ing processes  a r e  
important on watersheds having r e l a t i v e l y  uns t ab le  s o i l .  They inc lude  
mudflows, s l i d e s ,  d e b r i s ,  avalanches,  stream bank f a i l u r e ,  s o i l  c reep ,  



d r y  r a v e l ,  and s o i l  p i p i n g .  The s t ream and r i v e r  p r o c e s s e s  a r e  o f  g r e a t  
concern t o  b o t h  e n g i n e e r s  and e n v i r o n m e n t a l i s t s ,  and a r e  o f t e n  r e f e r -  
enced a s  p r i n c i p a l  i n d i c a t o r s  of t h e  impacts  o f  wate-rshed and r i v e r  
b a s i n  development.  They i n c l u d e  w a t e r  r o u t i n g ,  sediment  t r a n s p o r t ,  
g u l l y  development,  d e g r a d a t i o n ,  a g g r a d a t i o n ,  geomorphology, bank e ro-  
s i o n ,  d e l t a s  and f a n  f o r m u l a t i o n ,  p o l l u t a n t  up take  and s t o r a g e ,  
p o l l u t a n t  t r a n s p o r t ,  d i s s o l v e d  oxygen b a l a n c e  d i s s o l v e d  s o l i d s ,  and 
r o u t i n g  of f o r e s t  l i t t e r  and d e b r i s .  The s o i l  p r o c e s s e s  i n v o l v e  
wea ther ing ,  p o l l u t a n t  s t o r a g e ,  n i t r a t e  r e a c t i o n s ,  p o l l u t a n t  a d s o r p t i o n ,  
the rmal  b a l a n c e ,  and wate r  p e r c o l a t i o n .  The groundwater p r o c e s s e s  
i n c l u d e  flow movement, p o l l u t a n t  t r a n s p o r t ,  d i f f u s i o n ,  d i s p e r s i o n ,  
r echarge ,  h e a t  exchange,  n i t r o g e n  and phosphorous t r a n s p o r t ,  and 
d i s s o l v e d  oxygen. 

I t  i s  impor tan t  t o  c o n s i d e r  t h a t  d i f f e r e n t  v a r i a b l e s  and p h y s i c a l  
p r o c e s s e s  have v a r y i n g  degrees  of importance,  depending on t h e  purpose  
of a n a l y s i s  and t h e  s i z e  and c h a r a c t e r i s t i c s  of t h e  p a r t i c u l a r  watershed 
and r i v e r  ecosystem b e i n g  ana lyzed ,  i n c l u d i n g  t h e  t y p e s  of c l i m a t i c  
c o n d i t i o n s ,  s o i l s ,  geology,  v e g e t a t i v e  cover ,  l and-use  a c t i v i t i e s ,  and 
wate r  and sediment i n f l o w s .  I n  o r d e r  t o  determine which of t h e s e  
v a r i a b l e s  and /or  p r o c e s s e s  must be inc luded  i n  t h e  a n a l y s i s ,  i t  may be 
necessa ry  t o  e v a l u a t e  t h e  importance of many v a r i a b l e s ,  and /or  p r o c e s s e s  
by s e n s i t i v i t y  a n a l y s e s .  

Degrada t ion ,  a g g r a d a t i o n ,  and movement of p o l l u t a n t s  a r e  c l o s e l y  
r e l a t e d  t o  wa te r  and sediment movement. T h e r e f o r e ,  unders tandng t h e  
p h y s i c a l  p r o c e s s e s  r e l a t e d  t o  water  and sediment  r o u t i n g  i s  o f  funda- 
mental  importance f o r  e f f e c t i v e  a n a l y s i s  of watershed and r i v e r  
response.  I n  s p i t e  of t h e  complexi ty  o f  problems invo lved  i n  w a t e r  and 
sediment r o u t i n g  i n  watershed and r i v e r  ecosystems,  t h e  governing 
e q u a t i o n s  a r e  t h e  same. They a r e  t h e  c o n t i n u i t y  e q u a t i o n  of w a t e r ,  t h e  
f low momentum e q u a t i o n ,  t h e  c o n t i n u i t y  e q u a t i o n  o f  sed iment ,  t h e  f low 
energy e q u a t i o n ,  and some supplementary e q u a t i o n s  such  a s  f low r e s i s -  
t ance  r e l a t i o n s ,  channel  geometry e q u a t i o n s ,  and sediment  supp ly  
e q u a t i o n s .  For  a  d e t a i l e d  d i s c u s s i o n  of governing p h y s i c a l  p r o c e s s e s  
r e f e r  t o  Chapter  2 o r  t h e  paper  by Simons, Ward and L i  (1979) .  

3 . 4  CRITERIA OF USEFUL MATHEHATICAL MODELS 

For  a l l  p r a c t i c a l  purposes ,  a  u s e f u l  mathemat ical  model f o r  
p r e d i c t i n g  watershed and r i v e r  system response t o  p o t e n t i a l  management 
a c t i o n s  should meet t h e  fo l lowing  c r i t e r i a :  

1. Temporal r e s o l u t i o n  should b e  b o t h  s h o r t -  and long- term.  
Management p r a c t i c e s  u s u a l l y  have b o t h  s h o r t -  and long- term 
e f f e c t s  on our  environment and s h o r t - t e r m  p r o j e c t s  o f t e n  have 
prolonged e f f e c t s .  Thus, temporal  r e s o l u t i o n  shou ld  
accommodate a d d r e s s i n g  bo th  s h o r t -  and long-term response 
q u e s t i o n s .  

2 .  S p a t i a l  r e s o l u t i o n  should be f l e x i b l e .  S p e c i f i c  management 
p l a n s  and a c t i v i t i e s  a r e  v e r y  o f t e n  l i m i t e d  t o  s m a l l  wa te r -  
s h e d s .  Most watersheds  s u b j e c t  t o  l e g a l  r equ i rements  , f o r  
env i ronmenta l  q u a l i t y  and w a t e r  r e s o u r c e s  management a r e  q u i t e  



l a r g e  and o f t e n  encompass complete r i v e r  'basins o r  sub-basins .  
A s  a  consequence, s p a t i a l  r e s o l u t i o n  should accommodate both 
small  watersheds and r i v e r  systems a s  a  whole. 

3 .  The model should be widely app l i cab le .  That i s ,  a l though t h e  
model parameters may be a rea  o r  r eg iona l ly  s p e c i f i c ,  t h e  model 
i t s e l f  should no t  be a rea  o r  r eg iona l ly  s p e c i f i c .  The only 
f e a s i b l e  way t o  develop such a  moel i s  t o  cons ider  t h e  
phys i ca l  based model can r ep re sen t  app ropr i a t e  cause-ef fec t  
r e l a t i o n s h i p s  between management p r a c t i c e s  and ecosystem 
response i n  a  genera l  way. 

4 .  The model should be s e n s i t i v e  t o  t he  des i r ed  management 
a c t i v i t i e s .  That i s ,  it must be p o s s i b l e  t o  e x p l i c i t l y  
r ep re sen t  management a c t i v i t i e s  and s imula te  system response 
r e s u l t i n g  from t h e s e  a c t i v i t i e s .  For example, i f  g raz ing  i s  
a  des i r ed  management a c t i v i t y  f o r  eva lua t ing  watershed 
response,  then  the  model should be formulated t o  r ep re sen t  
graz ing  a c t i v i t y  through changing model parameters t h a t  could 
be a l t e r e d  according t o  graz ing  i n t e n s i t y .  

5 .  Uncer t a in t i e s  due t o  varying c l i m a t i c  and s p a t i a l  i n p u t  should 
be considered.  That i s ,  s imula t ion  must cons ider  v a r i a t i o n s  
i n  both mean values and extreme events .  This r equ i r e s  a  
p r o b a b i l i s t i c  approach t o  desc r ibe  t h e  s t o c h a s t i c  s t r u c t u r e  
of model i n p u t s .  

6 .  The model should be developed wi th in  t h e  c o n s t r a i n t s  of 
a v a i l a b l e  d a t a .  Models intended f o r  p r a c t i c a l  a p p l i c a t i o n  
should not  have requirements f o r  da t a  t h a t  a r e  excess ive ly  
d i f f i c u l t ,  c o s t l y ,  o r  time consuming t o  c o l l e c t  o r  acqu i r e .  
I f  a  l a r g e  q u a n t i t y  of da t a  i s  r equ i r ed ,  an e f f e c t i v e  da t a  
s t o r a g e  and r e t r i e v a l  system i s  necessary.  

7 .  The model should be o r i en t ed  f o r  use by management personnel .  
Perspec t ive  of t h e  use r  must be foremost i n  a l l  model develop- 
ment work. Models intended f o r  use by managers mut r e a d i l y  
f i t  i n t o  s p e c i f i c  decision-making processes  and s i t u a t i o n s  f o r  
which they a r e  t o  be employed, i f  information resources a r e  t o  
be generated e f f i c i e n t l y  and used e f f e c t i v e l y .  Therefore ,  i n  
o rde r  f o r  usable  models t o  be designed and implemented, 
developers  must be i n  e f f e c t i v e  communication wi th  t a r g e t  
u se r s  throughout t h e  develpment process .  Involving use r s  i n  
model des ign  helps  i n su re  t h a t  t h e  r e sea rche r  has f u l l  
knowledge of t h e  decision-making environment, t h e  a c t u a l  
problems managers f a c e ,  and the  u s e r ' s  pe rcep t ion  of t h e  
s i t u a t i o n  being modeled. The model w i l l  thereby be more 
r e l e v a n t  and the  use r  w i l l  b e t t e r  t r u s t  i t s  v a l i d i t y  and 
c a p a b i l i t i e s .  

8.  The model should be e a s i l y  transformed f o r  use a t  s e v e r a l  
l e v e l s  of accuracy and r e s o l u t i o n .  Models operable  a t  s e v e r a l  
l e v e l s  of accuracy and r e s o l u t i o n  w i l l  be requi red  i n  o rde r  t o  
provide t h e  f u l l  range of t o o l s  needed f o r  land and r i v e r  



management. P rov id ing  u s a b l e  and r e a l i s t i c  models and 
g u i d e l i n e s  f o r  p r o f e s s i o n a l s  o p e r a t i n g  i n  t h e  f i e l d  i n  many 
c a s e s  w i l l  f i r s t  r e q u i r e  deve lop ing  and t e s t i n g  r e l a t i v e l y  
complex p r o c e s s  models. Once t h e  p r o c e s s e s  invo lved  a r e  
thoroughly  unders tood and s e n s i t i v e  pa ramete rs  i d e n t i f i e d ,  
t h e s e  models can t h e n  be r e g i o n a l i z e d  and g e n e r a l i z e d  t o  
p r o v i d e  s i m p l i f i e d  models and g u i d e l i n e s  f o r  f i e l d  u s e r s .  

9 .  The model computer s o f t w a r e  system shou ld  be  developed i n  a  
modular f a s h i o n .  Exper ience has  shown t h a t  nonmodular a l l -  
purpose  models a r e  expens ive  t o  deve lop ,  d i f f i c u l t  t o  u s e  and 
c o n t r o l ,  and have l a r g e  d a t a  r e q u i r e m e n t s - - a l l  o f  which t e n d  
t o  d e t r a c t  from t h e i r  f i e l d  u s a b i l i t y .  Adopting t h e  modular 
approach o f f e r s  an  o p p o r t u n i t y  t o  b u i l d  a  c o o r d i n a t e d  nuc leus  
of s t a n d a r d i z e d  system components f o r  u s e  i n  a n a l y z i n g  a  wide 
spectrum of watershed and r i v e r  sys tems.  T h i s  n u c l e u s  would 
be made up of components t h a t  p r o v i d e  common s t o r a g e  and 
r e t r i e v a l ,  a n a l y s i s ,  and d i s p l a y .  Modular systems a l s o  have 
t h e  advantage t h a t  i n d i v i d u a l  components can be updated o r  
rep laced  a s  needed wi thou t  d i s r u p t i n g  o t h e r  components o f  t h e  
s y s  tem. 

10. F u l l  model documentation i s  an  impor tan t  o b l i g a t i o n  i n  
p r o v i d i n g  a  u s e f u l  and v i a b l e  t o o l .  The documentat ion should 
i n c l u d e  n o t  o n l y  t h e  f o r m u l a t i o n  t h e o r y ,  system f low c h a r t s ,  
computer code,  and t e s t  r e s u l t s  b u t  a l s o  s u f f i c i e n t  examples,  
g u i d e l i n e s ,  and p r e c a u t i o n s  f o r  u s e r s  t o  implement and 
c o r r e c t l y  u s e  t h e  model. 

3.5 PROCEDURAL STEPS FOR MODEL DEVELOPMENT 

Development of a  model f o r  a n a l y s i s  u s u a l l y  i n v o l v e s  s p a t i a l  
d e s i g n ,  temporal  d e s i g n ,  model f o r m u l a t i o n ,  mathemat ical  s o l u t i o n ,  model 
c a l i b r a t i o n ,  pa ramete r  s e n s i t i v i t y ,  a n a l y s i s ,  q u a l i t a t i v e  examina t ion  o f  
p h y s i c a l  s i g n i f i c a n c e ,  model s i m p l i f i c a t i o n ,  , r e g i o n a l i z a t i o n  and 
g e n e r a l i z a t i o n ,  v a l i d a t i o n ,  t e s t i n g  and re f inement  under o p e r a t i o n a l  
f i e l d  a p p l i c a t i o n s ,  and documentation.  

S p a t i a l  and temporal  d e s i g n s  of a  s i m u l a t i o n  model a r e  i m p o r t a n t  
t o  a  r e a l i s t i c  r e p r e s e n t a t i v e  of t h e  t ime-space s t r u c t u r e  of a  watershed 
o r  r i v e r  system. F o r  example, d e s i g n i n g  a  r e a l i s t i c  space  s t r u c t u r e  f o r  
t h e  hydro log ic  a n a l y s i s  of smal l  watersheds  would i n v o l v e  d e v i s i n g  a  
s y s t e m a t i c  means f o r  e i t h e r  manual o r  computer-aided d e t e r m i n a t i o n  of 
h y d r o l o g i c  response u n i t s  a s  a  f u n c t i o n  of such a t t r i b u t e s  a s  watershed 
geometry, topography,  v e g e t a t i o n  d i s t r i b u t i o n ,  s o i l  d i s t r i b u t i o n ,  and 
t h e  l i k e .  A computer program f o r  a u t o m a t i c a l l y  segmenting a  watershed 
and grouping segments i n t o  d e s i r e d  response  u n i t s  was developed by 
Simons and L i  (1975). A t  t h e  t ime of a p p l y i n g  t h e  model i n  a  s p e c i f i c  
s i t u a t i o n ,  g e n e r a l  s p a t i a l  and temporal  d e s i g n s  must e x p l i c i t l y  f i t  t h e  
watershed o r  b a s i n  b e i n g  s t u d i e d  i n  accordance w i t h  t h e  purpose  o f  t h e  
a n a l y s i s .  For  example, s p a t i a l  des ign  of a  l a r g e  r i v e r  b a s i n  would have 
t o  c o n s i d e r  t h e  n a t u r e  and l o c a t i o n  of t h e  r i v e r  and i t s  t r i b u t a r i e s ,  
and t h e  l o c a t i o n  of a l l  p e r t i n e n t  gaging s t a t i o n s ,  s t r u c t u r e s ,  and 
conf luences .  The e x p l i c i t  temporal  d e s i g n  would be  made u s i n g  t h e  
h i s t o r i c  h y d r o l o g i c  record  of t h e  b a s i n .  Th is  r e c o r d  might  i n c l u d e  



h i s t o r i c  maximum, minimum and mean p r e c i p i t a t i o n ,  t e m p e r a t u r e ,  m o i s t u r e  
c o n t e n t s  and w a t e r  f lows ,  r i v e r  s t a g e s ,  p r e c i p i t a t i o n  p a t t e r n s ,  f low 
volumes, and t h e  e f f e c t  of man's a c t i v i t i e s  such a s  r e s e r v o i r  c o n s t r u c -  
t i o n  on t h e  h y d r o l o g i c  r e c o r d .  Temporal d e s i g n  i s  t h e n  used t o  g e n e r a t e  
t h e  sys tem i n p u t  f o r  e v a l u a t i n g  e x p l i c i t  r e sponse  o f  t h e  f u t u r e  sys tem.  

A f t e r  s p a t i a l  and temporal  d e s i g n s  a r e  completed,  major  p h y s i c a l  
p r o c e s s e s  governing t h e  system response can be  i d e n t i f i e d .  Then a  
s e r i e s  of mathemat ical  e q u a t i o n s  can  be assembled t o  r e p r e s e n t  t h e  
governing p r o c e s s e s ,  c o n s t i t u t i n g  t h e  concep tua l  f o r m u l a t i o n  o f  t h e  
model. Model f o r m u l a t i o n  shou ld  be  guided by t h e  c r i t e r i a  of a  u s e f u l  
mathemat ical  model p r e s e n t e d  e a r l i e r .  S u c c e s s f u l  model f o r m u l a t i o n  
r e q u i r e s  a  b lend  of t h e o r e t i c a l  and p r a c t i c a l  c o n s i d e r a t i o n s ,  a s  t h e  
f o l l o w i n g  d i s c u s s i o n  i l l u s t r a t e s .  

For  s i m u l a t i n g  dynamic response of w a t e r  and r i v e r  sys tems ,  pe rhaps  
t h e  most i m p o r t a n t  governing e q u a t i o n s  i n c l u d e  t h e  c o n t i n u i t y  e q u a t i o n  
f o r  w a t e r ,  t h e  c o n t i n u i t y  e q u a t i o n  f o r  sed iment ,  and t h e  momentum equa- 
t i o n  ( o r  t h e  energy  e q u a t i o n ) .  These t h r e e  e q u a t i o n s  can b e  s o l v e d  
s imul taneous ly  o r  can be approximated by s o l v i n g  t h e  w a t e r  c o n t i n u i t y  
e q u a t i o n  and t h e  momentum e q u a t i o n  f i r s t  and t h e n  r e f i n e d  by u s i n g  t h e  
sediment  c o n t i n u i t y  e q u a t i o n .  The second approach i s  u s u a l l y  a p p l i c a b l e  
because  t h e  movement o f  sediment  i s  much s lower  t h a n  t h a t  o f  w a t e r .  
Numerical s o l u t i o n  o f  t h e s e  t h r e e  e q u a t i o n s  can proceed i n  two d i r e c -  
t i o n s .  E i t h e r  a n  a t t e m p t  can be made t o  c o n v e r t  t h e  o r i g i n a l  sys tem of  
p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  i n t o  a n  e q u i v a l e n t  sys tem of o r d i n a r y  
d i f f e r e n t i a l  e q u a t i o n s  by u s i n g  t h e  method of  c h a r a c t e r i s t i c s  o r  one can 
r e p l a c e  t h e  p a r t i a l  d e r i v a t i v e s  i n  t h e  o r i g i n a l  sys tem w i t h  q u o t i e n t s  of 
f i n i t e - d i f f e r e n c e s  by u s i n g  t h e  e x p l i c i t  method o r  t h e  i m p l i c i t  method. 

For  t h e  f l o o d  r o u t i n g  problem, p r e c i s e  v a l u e s  o f  t h e  pa ramete rs  
d e s c r i b i n g  f low r e s i s t a n c e  a r e  u s u a l l y  unknown, b u t  t h e  ranges  a r e  
determined from measured d a t a .  However, t o  p i n p o i n t  pa ramete r  v a l u e s  
t h a t  produce t h e  b e s t  model response ,  model c a l i b r a t i o n  i s  n e c e s s a r y .  
The s i m p l e s t  c a l i b r a t i o n  t e c h n i q u e  i s  t h e  t r i a l  and e r r o r  method. But 
e x c e p t  f o r  methods t h a t  c o n t a i n  pa ramete rs  w i t h  v e r y  narrow s e a r c h i n g  
ranges  t h e  t r i a l  and e r r o r  procedure  i s  i n e f f i c i e n t .  T h e r e f o r e ,  i n  t h e  
mathemat ical  modeling of system r e s p o n s e s ,  c a l i b r a t i o n  of model 
pa ramete rs  o f t e n  r e l i e s  on a n  o p t i m i z a t i o n  scheme. There  a r e  many 
o p t i m i z a t i o n  t e c h n i q u e s  a v a i l a b l e  f o r  t h e  purpose  of model c a l i b r a t i o n .  
However, u s e f u l n e s s  of a  p a r t i c u l a r  o p t i m i z a t i o n  t e c h n i q u e  i s  dependent  
on f o r m u l a t i o n  o f  t h e  model be ing  c a l i b r a t e d .  For  hydro log ic  model 
c a l i b r a t i o n  Rosenbrock 's  (1960) o p t i m i z a t i o n  t e c h n i q u e  f o r  f i n d i n g  t h e  
optimum s e t  o f  pa ramete rs  has  proven t o  b e  t h e  most p romis ing  and 
e f f i c i e n t  method. 

A f t e r  development,  t h e  s e n s i t i v i t y  o f  model o u t p u t s  t o  changes i n  
each  model pa ramete r  should  be  examined. S e n s i t i v i t y  a n a l y s i s  
f a c i l i t a t e s  model parameter  c a l i b r a t i o n ,  i d e n t i f i e s  d a t a  n e e d s ,  and 
p r o v i d e s  u s e f u l  i n f o r m a t i o n  f o r  model s i m p l i f i c a t i o n .  Another i m p o r t a n t  
examina t ion  i s  t o  e v a l u a t e  t h e  model q u a l i t a t i v e l y  u s i n g  p h y s i c a l  
s i g n i f i c a n c e  a s  a  g u i d e .  A t  t h i s  s t a g e ,  t r e n d s  and extremes s i m u l a t e d  
by t h e  need t o  model a r e  examined t o  a s s u r e  t h a t  t h e y  a r e  meaningful  
c o n s i d e r i n g  p h y s i c a l  s i g n i f i c a n c e  and f i e l d  e x p e r i e n c e .  



Simpl i f i ca t ion  i s  d i r e c t e d  toward developing widespread 
app l i ca t ions  of methods derived from t h e  more complicated process  
s imula t ion  models. I n  gene ra l ,  t h e  more complicated models e x p l i c i t l y  
d e a l  with time and space,  so lv ing  f i n i t e  d i f f e r ence  formulat ions of t he  
var ious  processes  a t  each time-space po in t .  The s imp l i f i ed  model 
r e t r e a t s  from t h i s  approach and averages the  processes  over both time 
and space. While t h e  more complex model u sua l ly  provides t h e  b e t t e r  
s o l u t i o n ,  i t s  main disadvantage i s  t h a t  o f t e n  it i s  r e l a t i v e l y  expensive 
t o  use and r equ i r e s  knowledge of computer app l i ca t ions  and mathematical 
formulat ions and assumptions t h a t  a r e  o f t e n  beyond t h e  c a p a b i l i t y  of 
t h e  average f i e l d  u s e r .  L imi ta t ions  of regress ion  type o r  "black box" 
models and use r  r e s t r i c t i o n s  imposed by t h e  more complex phys i ca l  
process  models have neces s i t a t ed  development of s imp l i i ed  phys ica l  
process  component models. Such s imp l i f i ed  models can provide t h e  f i e l d  
u se r  with an easy t o  use ,  y e t  r e l i a b l e  methodology f o r  e s t ima t ing  system 
response (Simons e t  a l . ,  1977a).  

I n  order  t o  f u r t h e r  f a c i l i t a t e  a p p l i c a t i o n  of t h e  model, model 
parameters may a l s o  be reg ional ized .  This can be achieved by ex tens ive  
a p p l i c a t i o n  of t h e  model i n  a  p a r t i c u l a r  geographical a r e a ,  l ead ing  t o  
a  genera l ized  r eg iona l  vers ion  of t he  model. An example of r eg iona l i za -  
t i o n  and gene ra l i za t ion  i s  given by the  Agr i cu l tu ra l  Research Serv ice  
(1975). 

Model t e s t i n g ,  eva lua t ion ,  ref inement ,  and documentation a r e  
continuous processes .  As more f i e l d  da ta  becomes a v a i l a b l e ,  t he  model 
can be improved so  t h a t  more accura te  p red ic t ions  a r e  p o s s i b l e .  

3 . 6  OVERVIEW OF SOME CASE STUDIES 

General 

The fol lowing desc r ibes  s e v e r a l  case h i s t o r i e s  t h a t  i l l u s t r a t e  t h e  
complexity of water and r i v e r  systems, t h e  a s soc i a t ed  development and 
u t i l i z a t i o n  of mathematical modeling techniques t o  achieve improved 
planning,  a n a l y s i s ,  and design.  

Var ia t ion  of a  Canal Cross Sec t ion  with Time 

A canal  was constructed t o  c a r r y  a  d ischarge  of approximately 2,000 
cu f t  per  second. The canal  c ross  s e c t i o n  was approximately 80 f t  wide 
and had an average depth of approximately 10 f t .  The s i d e  s lopes  were 
o r i g i n a l l y  cons t ruc ted  a t  1+:1 (Figure 3 -2) .  The segment of t h i s  p a r t i -  
c u l a r  canal  was cons t ruc ted  through a  sand h i l l  a r ea  so t h e  bank 
ma te r i a l  i s  very e rod ib l e .  When a canal  i s  cons t ruc ted  wi th  banks 
cons i s t i ng  of such m a t e r i a l ,  l a r g e  width-to-depth r a t i o s  r e s u l t  a s  t h e  
channel a d j u s t s .  This  can be i l l u s t r a t e d  by comparing wetted per imeter  
wi th  discharge r e l a t i o n s h i p s  f o r  channels wi th  d i f f e r e n t  types  of bank 
ma te r i a l s  ranging from highly  e rod ib l e  sands t h a t  w i l l  y i e l d  wide 
channels t o  cohesive ma te r i a l s  t h a t  tend t o  r e s i s t  e ros ion  and may be 
q u i t e  narrow. When flow was introduced i n t o  t h i s  sand bank channel ,  
rapid e ros ion  of t h e  banks occurred.  This  caused t h e  channel t o  widen 
from 80 f t  t o  a  width on t h e  order  of 150-200 f t .  There was a  cor res -  
ponding reduct ion  i n  depth.  Widening of t h e  channel encroached on the  



Section A 

A.  O r i g i n a l  channel cons t ruc t ed  i n  sand h i l l s  a r e a  

I 

Q 

B. With sandy e r o d i b l e  banks t h e  channel  widened, and encroached on 
t h e  right-of-way. 

C.  Channel was r econs t ruc t ed  t o  i t s  o r i g i n a l  dimensions.  A wi l low 
brush mat was placed on the  bank and willows were p l a n t e d .  

D .  Di l low growth developed r a p i d l y ,  t h e  banks were r e in fo rced  wi th  
r o o t s  extending i n t o  t h e  flow. The r o o t s  slowed t h e  l o c a l  
v e l o c i t y  and trapped f i n e  sediment p a r t i c l e s  t h a t  were be ing  
c a r r i e d  i n  suspension.  The depos i t i on  of f i n e  sediment caused 
t h e  cana l  t o  develop a  narrow and deep c r o s s  s e c t i o n  which. 
r c s t r i c t e d  t h e  flow caus ing a backwater upstream t h a t  reduced 
f reeboard  and caused l o c a l  f l ood ing .  

E .  The channel was once more r econs t ruc t ed  t o  i t s  o r i g i n a l  dimensioos 
and t h e  banks were r iprapped wi th  l o c a l  r i v e r  g r a v e l .  The g r a v e l  
armor has  done an e x c e l l e n t  job  of s t a b i l i z i n g  t h e  channel  c r o s s  
s e c t i o n .  The Lane, Simons, S h i e l d s ,  e t c .  methods can be  used t o  
J e t e n n i n e  the  s i z e ,  g rada t ion  and th i ckness  of g r a v e l  b l a n k e t s  
t o  s t a b i l i z e  t h e  channel and r i v e r  banks,  and reduce  t h e  supply  
o f  sediment downstream. 

F igure  3-2. Var i a t ion  of a  channel c ros s  s e c t i o n  w i t h  time 



right-of-way and introduced numerous o the r  problems. Hence, it was 
decided t o  r econs t ruc t  t h e  canal  c ross  s e c t i o n  t o  i t s  o r i g i n a l  dimen- 
s ions  and s t a b i l i z e  t h e  banks i n t o  t h a t  p o s i t i o n ,  using willow 
ma t t r e s se s .  A t  t he  same time the  growth of willows i n  t h e  banks was 
encouraged. Willow growth developed r ap id ly .  Roots from t h e  willows 
extended i n t o  t h e  flow. The roots  from t h e  willows slowed t h e  l o c a l  
v e l o c i t y  and t rapped f i n e  sediments cons i s t i ng  of s i l t s  and c l a y s  t h a t  
were t ranspor ted  i n  the  flow. The r e s u l t  was depos i t ion  of f i n e  sed i -  
ments on the  banks. As depos i t ion  occurred,  t he  roo t  system continued 
t o  extend i t s e l f  from t h e r e  i n t o  t h e  channel.  The n e t  r e s u l t  was the  
development of a  very  narrow, deep channel t h a t  r e s t r i c t e d  t h e  flow t o  
such an ex ten t  t h a t  backwater e f f e c t s  caused se r ious  encroachment on the  
freeboard and t h e  canal  upstream. In some in s t ances ,  t h e  backwater 
caused overflow and bank f a i l u r e .  Therefore,  it was decided t o  recon- 
s t r u c t  t h e  cana l  once more t o  i t s  o r i g i n a l  dimensions. This  was done 
and t h e  banks were r iprapped with l o c a l  r i v e r  grave l  t o  provide pro tec-  
t i o n  from eros ion  of t h e  flowing water .  The grave l  armor has done an 
e x c e l l e n t  job of s t a b i l i z i n g  the  canal  c ross  s e c t i o n .  Furthermore, the  
water l o s s e s  introduced by ex tens ive  growths of vege ta t ion  along the  
bank l i n e  have been e l imina ted .  This type of problem can be e a s i l y  
handled i n  terms of designing t h e  s i z e  of r i p r a p  requi red .  Reference 
can be  made t o  Simons and Senturk (1977) t h a t  o u t l i n e s  t he  Lane method 
and o the r  methods inc luding  those  r ecen t ly  developed a t  Colorado S t a t e  
Univers i ty  t o  determine t h e  s i z e ,  g rada t ion ,  and th ickness  of grave l  
bank c u t s  required t o  s t a b i l i z e  such systems. 

The importance of t he  e f f e c t s  of s i l t s  and c l a y s ,  o r  wash load on 
r i v e r  and cana l  geometry cannot be over-emphasized. I n  t h e  e a r l y  1900's 
when i r r i g a t i o n  systems were being developed i n  t he  Imperial  Val ley of 
Ca l i fo rn i a  water d ive r t ed  from the  Colorado River t o  t h e s e  systems 
c a r r i e d  l a r g e  q u a n t i t i e s  of wash load .  Channels were s i zed  according t o  
cu r r en t  engineering knowledge b u t  t h e  concent ra t ions  of s i l t s  and c lays  
i n  t h e  flowing water d ive r t ed  t o  t he  cana ls  was such t h a t  berming 
occurred i n  t he  cana l s .  The berms c o n s i s t s  of ma te r i a l s  t h a t  he ld  water 
we l l ,  were f a i r l y  f e r t i l e ,  and encouraged rap id  growth of vege ta t ion  and 
g ra s ses .  A s  i n  t h e  foregoing case ,  t h e  channel narrowed dramat ica l ly  
with t ime a s  a  consequence of t h e  growth of vege ta t ion  a t  t h e  water 
l i n e ,  ex tens ion  of roo t s  i n t o  the  water ,  and t r app ing  of f i n e  sediments.  
I n  some ins tances  t hese  channels became almost p ipe - l i ke .  The berms 
would grow out  over t h e  flowing water p a r t l y  covering the  channel.  This  
change i n  channel geometry cons t r i c t ed  t h e  water c ros s  s e c t i o n  and 
increased the  r e s i s t a n c e  t o  flow. Hence, it  was necessary t o  r e g u l a r l y  
r e s t o r e  these  channels t o  t h e i r  o r i g i n a l  dimensions i n  o rde r  f o r  them 
t o  convey the  requi red  q u a n t i t i e s  of water t o  t h e  i r r i g a t i o n  system. 

I n  subsequent years  t h e r e  has been a  rap id  development of l a r g e  
s to rage  f a c i l i t i e s  on t h e  Colorado River .  More and more of t h e  sed i -  
ments t h a t  normally flowed downstream a r e  now trapped i n  upstream 
r e s e r v o i r s .  As a  consequence, t he  i r r i g a t i o n  system a l luded  t o  t h a t  
o r i g i n a l l y  received l a r g e  q u a n t i t i e s  of s i l t s  and c l ays  wi th  t h e  water 
d ive r t ed  t o  it no longer  does so .  In  f a c t ,  upstream r e s e r v o i r s  t r a p  the  
major i ty  of t h e  sediments and most of t h e s e  cana l  systems now ope ra t e  
with almost a c l e a r  water environment. That i s ,  t he  water d i v e r t e d  from 
t h e  r i v e r  system and i t s  r e s e r v o i r s  i s  l a r g e l y  f r e e  of sediment.  This  



change i n  t h e  q u a l i t y  of t h e  water brought about by upstream s t o r a g e  
and c o n t r o l  caused t h e  reverse  of t h e  s i t u a t i o n  t o  occur i n  t h e s e  
cana l s .  With t h e  removal of s i l t s  and c l ays  t h e  water e n t e r i n g  t h e  
cana ls  had an oppor tuni ty  t o  a t t a c k  t h e  banks and bed,  eroding them. 
Where t h e  m a t e r i a l s  were s u f f i c i e n t l y  e r o d i b l e ,  t h e  channels widened, 
depths reduced, and another  s e t  of adverse condi t ions  developed. I n  
t h i s  case it was poss ib l e  t o  r econs t ruc t  t hese  cana ls  t o  d e s i r a b l e  
dimensions and armor them with proper ly  s i zed  g rave l  o r  r i p r a p .  This  
type  of p r o t e c t i o n  has very e f f e c t i v e l y  held t h e  channels i n  t h e  des i r ed  
l o c a t i o n  wi th  t h e  des i r ed  c ros s - sec t iona l  dimensions. Again, design of 
s t a b i l i z a t i o n  works f o r  such systems can be  handled a s  was c i t e d  above. 

To f u r t h e r  i l l u s t r a t e  t h e  poss ib l e  e f f e c t s  of s i l t s  and c l ays  on 
channel geometry, l e t  us r e f e r  t o  a  r i v e r  system i n  t h e  western United 
S t a t e s  t h a t  up u n t i l  t h e  e a r l y  1900's c a r r i e d  r e l a t i v e l y  l a r g e  quant i -  
t i e s  of s i l t s  and c l ays  during per iods  of high flow while  t h e  channel 
was a c t i v e l y  changing form. A t  t h a t  p a r t i c u l a r  t ime t h e  channel was 
r e l a t i v e l y  s t a b l e ,  t h e r e  was vigorous growth of vege ta t ion  on b a r s  and 
on t h e  bank l i n e ,  and f o r  a  s i g n i f i c a n t  p a r t  of t h e  yea r  t he  channel was 
reasonably s t a b l e .  Najor channel changes only occurred during major 
flow even t s .  In  t h e  e a r l y  1900's a  major ear thquake i n  t h e  a r ea  caused 
a  l a r g e  l a n d s l i d e  t o  form a  dam of cons iderable  s i z e  ac ros s  t h e  r i v e r  
v a l l e y .  This  r e s u l t s  i n  a  l a k e .  The l ake  i s  of s u f f i c i e n t  s i z e  t h a t  
it has e s s e n t i a l l y  removed t h e  s i l t s  and c l ays  t h a t  normally flow i n  t h e  
r i v e r  a t  high s t a g e s .  I n  t h e  absence of s i l t s  and c l ays  downstream, 
du r in  h i g  flow events  t h e  banks and b a r s  were a t t acked  and new ba r s  
were formed, b u t  t h e s e  new ba r s  and bank l i n e s  had l i t t l e  s i l t s  and 
c l ays  i n  them a s  a  consequence of t h e  d e s i l t i n g  upstream and they  were 
unable t o  hold moisture f o r  a  s u f f i c i e n t l y  long per iod  t o  al low t h e  
growth of vege ta t ion .  Consequently, i n  recent  decades t h e  bank l i n e s  
have changed, new bank. l i n e s  have formed, b u t  without  s i l t s  and c l a y s  
i n  t h e  newly deposi ted m a t e r i a l ,  and no new vege ta t ion  has been a b l e  t o  
grow. The end r e s u l t  has been the  e l imina t ion  of a  s i g n i f i c a n t  amount 
of r i p a r i a n  vege ta t ion  along the  stream l i n e ,  g r e a t l y  reducing t h e  
beauty of t h e  stream system and i n  many ways d e t e r i o r a t i n g  it from t h e  
viewpoint of r e c r e a t i o n a l  use,  f i s h e r i e s  h a b i t a t ,  e t c .  Once aga in ,  t h e  
p o t e n t i a l  f o r  change e x i s t s  when t h e  wash load concent ra t ions  f lowing 
i n  e i t h e r  cana l s  o r  r i v e r s  a r e  a l t e r e d .  

As a  f i n a l  example of t h e  importance of wash loads  on r i v e r  and 
cana l  morphology, a  s tudy was conducted by Colorado S t a t e  Un ive r s i t y  i n  
Venezuela t h a t  extended over a  per iod  of yea r s .  This  s tudy  d e a l t  
p r imar i ly  wi th  t h e  geomorphology and hydraul ics  of r i v e r s  and t h e  
r e l a t i o n s h i p  of t hese  r i v e r  systems t o  t h e  watersheds.  Vegetat ion 
developed and grew along c e r t a i n  segments of t h e  bank l i n e  and f lood-  
p l a i n .  I n  o t h e r  s e c t i o n s  o r  l o c a t i o n s  vege ta t ion  sometimes s t a r t e d  
growing b u t  d ied  before  a  roo t  system could be developed due t o  an 
inadequate supply of water and n u t r i e n t s .  Conducting ex tens ive  s o i l  
sampling along the  banks and i n  t h e  f loodp la ins  of t h e s e  r i v e r s  showed 
t h a t  i n  every case where a  s u b s t a n t i a l  growth of  vege ta t ion  was occur-  
r i n g ,  t h e r e  was a  s i g n i f i c a n t  percentage of s i l t s  and c l a y s .  Hence, 
where a  r i v e r  system experiences n a t u r a l  c u t o f f s  t h a t  subsequent ly £ , i l l  
w i th  f i n e r  sediments ,  an environment i s  developed t h a t  can suppor t  r ap id  
and vigorous growth of vege ta t ion .  I n  those  segments of t h e  f loodp la in  
t h a t  c o n s i s t  l a r g e l y  of grave ls  and sands,  the a r ea  d r a i n s  so  r ap id ly  
t h a t  s i g n i f i c a n t  vege ta t ion  usua l ly  does n o t  develop. 



Degradat ion Ana lys i s  o f  a  Small  Dam 

There a r e  many s m a l l  dams t h a t  a r e  b u i l t  f o r  a  s i n g l e  purpose  
i n c l u d i n g  f l o o d  c o n t r o l ,  low head hydropower g e n e r a t i o n ,  e r o s i o n  
c o n t r o l ,  i r r i g a t i o n ,  e t c .  The major impacts i n c l u d e  a g g r a d a t i o n  i n  t h e  
upstream and d e g r a d a t i o n  ( l o c a l  scour  and g e n e r a l  s c o u r )  i n  t h e  down- 
s t ream r e a c h  (F igure  3-3) .  B a f f l e d  chu te  s p i l l w a y s  a r e  o f t e n  u t i l i z e d  
a s  t h e  emergency s p i l l w a y s  f o r  t h e s e  smal l  dams t o  d i s s i p a t e  t h e  energy 
a s s o c i a t e d  w i t h  t h e  d e s i g n  of f reeboard  d i s c h a r g e .  The r e q u i r e d  
a n a l y s i s  i n v o l v e s  t h e  d e t e r m i n a t i o n  of t h e  magnitude o f  d e g r a d a t i o n  t o  
be  expected downstream from t h e  emergency s p i l l w a y  c h u t e  d u r i n g  passage 
o f  t h e  des ign  hydrograph. Such a n  a n a l y s i s  i s  r e q u i r e d  t o  determine 
how f a r  t h e  b a f f l e d  o u t l e t  end o f  t h e  c h u t e  must extend below t h e  
p r e s e n t  channel  g rade .  I n  o r d e r  t o  p r o v i d e  enough i n f o r m a t i o n  f o r  
adequate  d e s i g n ,  d i f f e r e n t  c o n d i t i o n s  t h a t  d e p i c t  f u t u r e  wa te r  and 
sediment in f lows  t o  t h e  dam p r i o r  t o  t h e  occur rence  of t h e  d e s i g n  
hydrograph a r e  r e q u i r e d .  Examples of c a s e s  t h a t  could  be  cons idered  
fo l low.  

Case I c o n s i d e r s  t h a t  t h e  r e s e r v o i r  i s  90 p e r c e n t  f i l l e d  w i t h  
sediment r e s u l t i n g  from a  s e r i e s  of smal l  f l o o d s ,  p r i o r  t o  t h e  occur- 
rence of t h e  d e s i g n  hydrograph. These smal l  f l o o d s  p a s s  a l l  of t h e  f low 
through t h e  p r i n c i p a l  s p i l l w a y .  Degradat ion due t o  t h e  d e s i g n  hydro- 
graph would b e  n e g l i b i l e  and t h e  t o t a l  expected scour  dep th  below t h e  
s t r u c t u r e  i s  e q u a l  t o  t h e  g e n e r a l  scour  dep th  r e s u l t i n g  from t h e  f lows 
th rough  t h e  p r i n c i p a l  s p i l l w a y .  Case I1 assumes t h a t  immediately 
fo l lowing  c l o s u r e  o f  t h e  dam wate r  s t o r a g e  has  reached t h e  t o p  of t h e  
dam and t h e  sediment s t o r a g e  c a p a c i t y  has  enough room f o r  t h e  sediment  
y i e l d  a s s o c i a t e d  w i t h  t h e  d e s i g n  hydrograph. Under t h i s  c o n d i t i o n ,  t h e  
emergency s p i l l w a y  chu te  would p a s s  t h e  f reeboard  hydrograph w i t h  
e s s e n t i a l l y  c l e a r  water..  Th i s  i s  because n e a r l y  a l l  of  t h e  sediment 
w i l l  be t r apped  upsixearn of t h e  dam. The t h i r d  c o n d i t i o n ,  Case 111 may 
r e p r e s e n t  t h e  wors t  p o s s i b l e  c o n d i t i o n  which assumes t h a t  a f t e r  a  long  
p e r i o d  o f  o p e r a t i o n ,  two 50-year f l o o d s  and one 100-year f l o o d  occur  
p r i o r  t o  t h e  p a s s i n g  o f  t h e  des ign  hydrograph. The t o t a l  expec ted  scour  
i s  t h e  sum of t h e  g e n e r a l  scour  due t o  f lows th rough  t h e  p r i n c i p a l  
s p i l l w a y  f o r  a  l o n g  p e r i o d  of o p e r a t i o n  and t h e  g e n e r a l  and l o c a l  s c o u r  
r e s u l t i n g  from a  sequence of two 50-year  f l o o d s ,  one 100-year f l o o d ,  and 
t h e  f reeboard  hydrograph. Th is  c o n d i t i o n  i s  v e r y  unl i -kely  t o  occur  y e t  
c o n s t i t u t e s  t h e  w o r s t  p o s s i b l e  c o n d i t i o n  i n  de te rmin ing  t h e  d e g r a d a t i o n  
below t h e  emergency s p i l l w a y  s t r u c t u r e .  Determinat ion of t h e  change i n  
sediment s t o r a g e  i s  v i t a l  f o r  t h e  e v a l u a t i o n  of b o t h  Cases I and 111. 
T h i s  r e q u i r e s  t h e  e s t i m a t i o n  of t h e  annua l  sediment  y i e l d  and sediment  
y i e l d s  r e s u l t i n g  from v a r i o u s  s i z e s  of s torms from t h e  watershed.  The 
magnitude of s c o u r  can b e  determined u t i l i z i n g  a  sediment r o u t i n g  pr'oce- 
dure  and c o n s i d e r i n g  t h e  s i z e  f r a c t i o n s  of bed m a t e r i a l .  T h i s  computa- 
t i o n a l  procedure  w i l l  i n v o l v e  use  o f  a  sediment t r a n s p o r t  e q u a t i o n ,  t h e  
sediment c o n t i n u i t y  e q u a t i o n ,  t h e  armoring e f f e c t  of c o a r s e  m a t e r i a l s ,  
and t h e  channel  geometry e q u a t i o n .  F i g u r e  3-4 shows t h e  t i m e - l a p s e  
change of l o c a l  and g e n e r a l  scour  f o r  Case 11. The l o c a l  s c o u r  d e p t h '  
d e f i n e d  i n  t h i s  s t u d y  i s  measured from t h e  p r e s e n t  bed l e v e l .  T h i s  
l o c a l  s c o u r  dep th  r e p r e s e n t s  a  combination of g e n e r a l  s c o u r  and l o c a l  
s c o u r  accord ing  t o  e s t a b l i s h e d  d e f i n i t i o n s .  I n  o r d e r  t o  check a p p l i c -  
a b i l i t y  o f  t h e  mathemat ical  model, a l a r g e  s c a l e  p h y s i c a l  model (1 :30)  
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was u t i l i z e d  by a  f e d e r a l  agency t o  e s t ima te  l o c a l  and gene ra l  scour  f o r  
t h e  des ign  f reeboard  hydrograph. Resu l t s  from both t o t a l l y  independent 
model approaches were extremely c l o s e ,  demonstrat ing a  succes s fu l  
a p p l i c a t i o n  of t h e  technology of rou t ing  sediment by s i z e  f r a c t i o n s .  

Gravel Mining Impact i n  Streams 

Gravels a r e  important  n a t u r a l  resources  t h a t  a r e  requi red  f o r  
cons t ruc t ion .  A s  popula t ion  grows, a c q u i s i t i o n  of g r a v e l s  i s  s t e a d i l y  
i nc reas ing .  Removal of g rave ls  from streams may induce e i t h e r  p o s i t i v e  
o r  nega t ive  impacts on the  s t a b i l i t y  of stream morphology. Unwise 
g rave l  mining a c t i v i t i e s  o f t e n  r e s u l t  i n  s i g n i f i c a n t  adverse  impacts on 
t h e  r i v e r  environment. Figure 3-5 i l l u s t r a t e s  such a  case  h i s t o r y .  
Since 1969 a  g rave l  mining company has excavated approximately 6,500,000 
tons  of  g r ave l  and sand i n  t h e  San Juan Creek, Orange County, C a l i f -  
o r n i a .  This  g r ave l  and sand mining a c t i v i t y  r e s u l t e d  i n  a  v e r t i c a l  c u t  
of approximately 55 f t  of t he  stream bed near  t h e  Casper r eg iona l  park 
before  t h e  end of 1977. Three storms i n  e a r l y  1978 induced a  s e r i e s  of 
s i g n i f i c a n t  s t ream morphology changes. Measured p r o f i l e s  be fo re  and 
a f t e r  each of t h e  storms a r e  p l o t t e d  i n  F igure  3-5. The deepes t  e r o s i o n  
depth was about 30 f t  and extended approximately 3,500 f t  upstream of 
t h e  park  boundary. The time l a p s e  changes of e l e v a t i o n  a t  t h e  o r i g i n a l  
g r ave l  p i t  boundary (S t a t i on  16+00) i s  given i n  F igure  3-6. Simulat ion 
r e s u l t s  a r e  e x c e l l e n t  when compared wi th  f i e l d  measurements. One p o i n t  
worth mentioning i s  t h a t  t h e  s imulated r e s u l t s  of t h e  1978 storms were 
p red i c t ed  u t i l i z i n g  t h e  c a l i b r a t e d  sediment t r a n s p o r t  parameters  based 
on t h e  da t a  from two 1969 s torms.  A major e f f o r t  t o  r e h a b i l i t a t e  t h e  
Casper park was r equ i r ed .  I n  o rde r  t o  eva lua t e  va r ious  a l t e r n a t i v e s ,  
a  mathematical model f o r  rou t ing  sediment by s i z e  f r a c t i o n  was developed 
and u t i l i z e d .  Four engineer ing a l t e r n a t i v e s  were eva lua t ed .  Al te rna-  
t i v e  I i s  a  "do nothing" p l an  te rmina t ing  t h e  mining-of  sand and g r a v e l .  
This  a l t e r n a t i v e  would allow n a t u r a l  hea l ing  processes  i n  t h e  form of 
aggrada t ion  t o  t ake  p l ace .  No m i t i g a t i o n  measure would be imposed on 
t h e  e x i s t i n g  s t ream.  A l t e rna t ive  I1 i s  e s s e n t i a l l y  t h e  same a s  Al te rna-  
t i v e  I except  it permi ts  regular  mining of sand and g rave l .  A l t e r n a t i v e  
I11 proposes cons t ruc t ion  of a  drop s t r u c t u r e  l oca t ed  nea r  t h e  upstream 
end of  t h e  g rave l  p i t .  A l t e rna t ive  I V  proposes c o n s t r u c t i o n  of a  s e r i e s  
of smal l  gabion check dams near  and upstream of t h e  g rave l  p i t  boundary 
coupled wi th  r egu la r  g r ave l  mining. 

Removal of Dams from River  Systems 

Many dams a r e  i n  ex i s t ence  i n  t h e  United S t a t e s  and t h e  world.  The 
removal of  dams from r i v e r  systems happens from time t o  time e i t h e r  by 
man o r  by o t h e r  causes  such a s  n a t u r a l  d i s a s t e r s .  P o t e n t i a l  impacts on 
t h e  downstream reach  caused by t h e  removal of a  dam a r e  i l l u s t r a t e d  i n  
F igure  3-7. Impacts r e s u l t i n g  from a r e l ea sed  wave of sediment i nc lude :  
1 )  sediment migra tes  downstream, 2)  conversion of g r ave l  bed s t ream t o  
sand bed s t ream, and 3) t he  sand wave w i l l  form sand b a r s ,  dunes,  e t c .  
t h a t  may inc rease  o r  decrease r e s i s t a n c e  t o  f low,  v e l o c i t y ,  sediment 
t r a n s p o r t ,  s t a g e ,  f l ood ,  e t c .  A c a r e f u l  environmental impact a n a l y s i s  
i s  o f t e n  requi red  t o  a s s e s s  t h e  sho r t -  and long-term e f f e c t s  of t h e  
downstream system. Movement of a  sand wave through a  r i v e r  system a s  
r e s u l t s  from removal of a  dam i s  a  complicated problem. This  problem 
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Profile 

3 1. Released wave of sediment (1,000,000 yd ) 

2. Sediment wave moved downstream 

3. Converted gravel bed stream to sand bed stream 

4. The sand wave will form sand bars, dunes, etc. that may increase 
or decrease resistance to flow, velocity, sediment transport, 
stage, flooding, etc. 

5. It is necessary to eliminate the rate at which the wave of 
sediment will move downstream and what will be the short- and 
long-term effects? 

Figure 3-7.. Response o f  river to removal o f  small dam. 



inc ludes  t h e  r a t e  of sand wave movement, degrada t ion  upstream of t h e  
o ld  dam s i t e ,  depos i t i on  of t h e  m a t e r i a l  along t h e  upstream channel ,  
poss ib l e  changes i n  water su r f ace  e l e v a t i o n s  and v e l o c i t i e s ,  and 
p o s s i b l e  e f f e c t s  on the  channel s t a b i l i t y  and f lood  p o t e n t i a l .  Simple 
bu t  r e a l i s t i c  assumptions a r e  needed t o  ob ta in  a  s o l u t i o n  t o  t h i s  
problem i n  a  p r a c t i c a l  and economical way. Dominant phys i ca l  processes  
considered i n  t h e  a n a l y s i s  should inc lude :  flow of water ,  sediment 
t r a n s p o r t ,  sediment rou t ing ,  degrada t ion ,  aggrada t ion ,  and bed c o n t r o l  
due t o  t h e  presence of an armor l a y e r  a t  smal l  t o  in te rmedia te  
d i scha rges .  The governing equat ions inc lude  t h e  c o n t i n u i t y  equat ions  
f o r  water  and sediment,  momentum equat ion ,  and energy equa t ion .  
Processes  governing water and sediment movement a r e  unsteady i n  n a t u r e ,  
t h e r e f o r e  a rou t ing  procedure i s  needed. In  o rde r  t o  s imp l i fy  t h e  pro- 
blem, a  known d ischarge  assumption can be used i f  t h e  s tudy  reach i s  n o t  
too  long and the  primary ob jec t ive  of a n a l y s i s  i s  t o  analyze t h e  move- 
ment of sand waves. 

Flood Hydrograph from a Watershed wi th  a  S e r i e s  of Cascade Sub-basins 

Most of t h e  conventional methods f o r  determining t h e  f lood  
hydrographs from watersheds a r e  based on the  average bas in  cha rac t e r -  
i s t i c s .  Resul t ing  hydrographs usua l ly  a r e  nea r ly  symmetrical i n  shape 
and f a i r l y  s h o r t  i n  du ra t ion  (Figure 3-8b). An in spec t ion  of t h e  b a s i n  
c h a r a c t e r i s t i c s  inc luding  shape and topography (Figure 3-8a) w i l l  
suggest  t h a t  t h e  hydrograph shape i s  ques t ionable .  Topography of t h e  
watershed should be  approximated by a  s e r i e s  of cascade sub-basins  when 
a  l a r g e  v a r i a t i o n  of s lopes  e x i s t s .  The mul t ip l e  watershed model would 
y i e l d  a  more reasonable hydrograph shape s i m i l a r  t o  F igure  3-8c. When 
determining a  probable maximum f lood ,  a  l a r g e  discrepancy can r e s u l t  
between these  two approaches. 

Flow Around a  Sharp Bend 

Because of r e s t r i c t i o n  due t o  space and o t h e r  reasons ,  it i s  
sometimes necessary t o  d i v e r t  a  l a r g e  flow around a  sharp  bend wi th  a  
s h o r t  r a d i u s .  F igure  3-9 in t roduces  a  system'of  sharp  bends wi th  break- 
i ng  bed s lopes .  I f  t h e  design flow i s  l a r g e ,  such a s  a  probable maximum 
f lood ,  hydrau l i c  design i s  d i f f i c u l t .  To a s s e s s  adequacy of t he  system 
shown i n  F igure  3-9, it i s  necessary t o  eva lua t e  t h e  hydrau l i c  charac- 
t e r i s t i c s ,  hyd rau l i c  performance, and s t a b i l i t y  of t h e  system. Major 
hydraul ic  cons ide ra t ions  r e q u i r e  determinat ion o f :  1) depth of f low,  
2)  v e l o c i t y  of t h e  flow, 3)  regime of flow, 4) supe re l eva t ion  of t h e  
water su r f ace  i n  t h e  bend, 5)  t h e  depth of aggradati.on near  t h e  bend, 
6)  t he  inc rease  i n  depth of flow caused by s e p a r a t i o n  i n  t h e  bend, and 
7 )  r i p r a p  requirements along t h e  bend. 

Depth of flow and v e l o c i t y  can be determined u t i l i z i n g  t h e  s lope  of 
t h e  system and a  proper  Manning's r e s i s t a n c e  c o e f f i c i e n t .  With t h i s  
system t h e  stream power ( t h e  product  of average v e l o c i t y  and boundary 
shear  s t r e s s )  w i l l  be s u f f i c i e n t l y  l a r g e  t h a t  t h e  flow w i l l  be i n  upper 
regime with an t idunes .  These ant idunes occur i n  t h e  form of uns t ab le  
su r f ace  waves t h a t  have a  maximum amplitude approximately equal  t o  t h e  
depth of flow. A s  t h e  water and sediment t r a v e r s e  t h e  bend, t h e  water 
i s  supere leva ted  on t h e  ou t s ide  of t h e  channel.  The channel w i l l  c a r r y  
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Figure  3-8 .  Flood hydrographs.  
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Figure 3-9 .  Flow around a bend with breaking s l o p e s .  



b o t h  wate r  and sediment and because  o f  nonuni fo rmi ty  o f  sediment 
t r a n s p o r t  caused by v a r i a t i o n s  i n  channel  s l o p e  and c r o s s - s e c t i o n a l  
geometry, it w i l l  exper ience  l o c a l  a g g r a d a t i o n  and d e g r a d a t i o n  which 
w i l l  a f f e c t  t h e  c h a n n e l ' s  c a p a c i t y  t o  t r a n s p o r t  w a t e r  and sediment .  
Also,  t h e  h i g h  v e l o c i t y  f low w i l l  cause  s e p a r a t i o n  o f  t h e  f low from t h e  
boundary r e s u l t i n g  i n  a  r e d u c t i o n  i n  t h e  e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a ,  
d e p o s i t i o n  of a  p o i n t  b a r ,  and an i n c r e a s e  i n  d e p t h  o f  f low.  R e l a t i v e l y  
l a r g e  bed m a t e r a l  load  and v a r i a t i o n  i n  t h e  sediment  t r a n s p o r t i n g  
c a p a c i t y  of each e lement  of t h e  system w i l l  induce l o c a l  a g g r a d a t i o n  and 
d e g r a d a t i o n  u n t i l  t h e  system a d j u s t s  t o  a  new equ i l i ' b r ium.  

Flow D i v e r s i o n  Problems 

Flow d i v e r s i o n  problems f r e q u e n t l y  occur  i n  t h e  u rban ized  a r e a s .  
Flow d i v e r s i o n  would cause  unbalanced sediment d i s t r i b u t i o n  i n  t h e  
channel  system t h a t  may r e s u l t  i n  a g g r a d a t i o n  i n  some r e a c h e s  and 
d e g r a d a t i o n  i n  o t h e r  r e a c h e s .  F i g u r e  3-10 i l l u s t r a t e s  a n  example of 
p o t e n t i a l  problems. I f  t h e  degree  of u r b a n i z a t i o n  i s  i n c r e a s e d ,  more 
s e r i o u s  problems a s s o c i a t e d  w i t h  d e g r a d a t i o n ,  a g g r a d a t i o n ,  and channel  
bank e r o s i o n  w i l l  be  i n t r o d u c e d .  The f l o o d  p r o t e c t i o n  p r o j e c t  f o r  t h e  
schoo l  would be e v a l u a t e d  accord ing  t o  s h o r t -  and long- term response  of 
t h e  sys tem.  

E v a l u a t i o n  of Data C o l l e c t i o n  Program 

Data i s  t h e  key e lement  f o r  moni to r ing  and s t u d y i n g  t h e  system 
response of a  watershed o r  r i v e r .  I n c r e a s i n g  use o f  mathemat ical  models 
f o r  e v a l u a t n g  proposed l and  use  p r a c t i c e s  has  v e r i f i e d  t h e  n e c e s s i t y  of 
o b t a i n i n g  good s e t s  of d a t a  f o r  development, m o d i f i c a t i o n ,  c a l i b r a t i o n ,  
v e r i f i c a t i o n ,  s e n s i t i v i t y  a n a l y s i s ,  and s u c c e s s f u l  a p p l i c a t i o n  of 
models. U n f o r t u n a t e l y ,  .many e x i s t i n g  d a t a  s e t s  a r e  n e i t h e r  a c c u r a t e  nor  
adequate  f o r  d e t a i l e d  system a n a l y s i s  u t i l i z i n g  mathemat ical  models. 
When a d a t a  c o l l e c t i o n  network has  been improper ly  des igned  and o p e r a t e d  
it o f t e n  p rov ides  i n a c c u r a t e  and inadequa te  i n f o r m a t i o n  t h a t  i s  n e i t h e r  
s p a t i a l l y  o r  t empora l ly  c o n s i s t e n t .  I n  o t h e r  s i t u a t i o n s  d a t a  i s  
c o l l e c t e d  t h a t  i s  unnecessary  c o n s i d e r i n g  t h e  purposes  o f  s t u d y .  I n  
a d d i t i o n  poor  d a t a  s e t s  a r e  n o t  u s u a l l y  i d e n t i f i e d ,  r e s u l t i n g  i n  a  
waste  of c o n s i d e r a b l e  t ime  and e f f o r t  i n  t h e i r  c o l l e c t i o n  and a n a l y s i s .  
I t  i s  v e r y  impor tan t  t h a t  a  c l e a r l y - d e f i n e d  methodology be  developed f o r  
e v a l u a t i n g  and /or  d e s i g n i n g  d a t a  moni to r ing  and c o l l e c t i o n  programs of  
e x i s t i n g  and proposed d a t a  c o l l e c t i o n  networks .  With a n  adequa te  d a t a  
c o l l e c t i o n ,  e v a l u a t i o n ,  and d e s i g n  scheme it i s  p o s s i b l e  t o  e f f i c i e n t l y  
and economical ly  c o l l e c t  u s e f u l  d a t a .  There  a r e  many c a s e s  i n  which 
h y d r o l o g i s t s  o r  h y d r a u l i c  e n g i n e e r s  a r e  r e q u e s t e d  t o  e v a l u a t e  a  s p e c i f i c  
d a t a  c o l l e c t i o n  program. 

The d a t a  c o l l e c t i o n  methodology adopted shou ld  b e  dependent on type  
of d a t a  r e q u i r e d ,  f requency and accuracy o f  sampl ing,  manpower r e q u i r e -  
ment, and economic c o n s t r a i n t s .  Measurements can be a u t o m a t i c  o r  man- 
opera ted  depending on i n s t r u m e n t s .  For  e v a l u a t i n g  and /or  d e s i g n i n g  a  
d a t a  c o l l e c t i o n  program, s p a t i a l  and temporal  d e s i g n s  of t h e  d a t a  
c o l l e c t i o n  program, s p a t i a l  and temporal  d e s i g n s  o f  t h e  d a t a  c o l l e c t i o n  
network a r e  t h e  most impor tan t  i t e m s .  F o r  example t y p i c a l  q u e s t i o n s  
a r e :  How many gaging s t a t i o n s  a r e  r e q u i r e d ? ,  Where shou ld  t h e y  be  
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l o c a t e d ? ,  When should t h e y  be opera ted?  Adequacy o f  s p a t i a l  and 
temporal  d e s i g n s  is  dependent on t h e  purpose  of t h e  s t u d y ,  s p a t i a l  and 
temporal  v a r i a b i l i t y  of a  p h y s i c a l  environment ,  and d e s i r e d  accuracy  of 
a n a l y s i s .  A s y s t e m a t i c  approach t o  t h e  s o l u t i o n  of t h i s  problem should 
be developed.  Th is  approach w i l l  i n c l u d e  i d e n t i f i c a t i o n  of t h e  pro-  
blems, su rvey  and e v a l u a t i o n  of t h e  c u r r e n t  d a t a  b a s e ,  a p p l i c a t i o n  of 
a v a i l a b l e  mathemat ical  models t o  determine s e n s i t i v i t y  and hence t h e  
importance o f  each e lement  o f  d a t a  and t o  e v a l u a t e  t h e  adequacy of 
s p a t i a l  and temporal  d e s i g n s  of t h e  d a t a  c o l l e c t i o n  program. Of ten  
a v a i l a b l e  d a t a  do n o t  adequa te ly  d e s c r i b e  s p a t i a l  and temporal  v a r i a -  
t i o n s  i n  t h e  system. A p p l i c a t i o n  of p h y s i c a l  p r o c e s s  s i m u l a t i o n  models 
c a l i b r a t e d  by u t i l i z i n g  a v a i l a b l e  d a t a  t o  g e n e r a t e  t h e  s p a t i a l  and 
temporal  v a r i a t i o n s  i s  t h e  most f e a s i b l e  way t o  examine t h e  temporal  and 
s p a t i a l  d a t a  requ i rements .  

Bunay-Barry Canal Design 

A g e n e r a l  l a y o u t  of t h e  Wadi Canal sys tem,  Yemen Arab Republ ic  i s  
given i n  F i g u r e  3-11. Because t h e  c a n a l  system i n t a k e s  wa te r  from t h e  
r i v e r  d r a i n i n g  a  s t e e p  watershed i n  t h e  a r i d  a r e a ,  problems encountered 
i n  t h e  Wadi Canal system a r e  unique i n  many r e s p e c t s  compared t o  u s u a l  
c a n a l  d e s i g n ,  problems.  Unsteady i n p u t  o f  wa te r  and sediment  t o  t h e  
c a n a l s ,  h igh  sediment load  of t h e  Wadi, and heterogeneous  d i s t r i b u t i o n  
of bed and t r a n s p o r t e d  m a t e r i a l  a l l  c o n t r i b u t e  t o  t h e  complexi ty  of t h e  
problems invo lved .  

Source of wa te r  f o r  t h e  c a n a l s  i s  t h e  f l o o d  f lows of t h e  Wadi Zabid 
which f l u c t u a t e s  t o  a  g r e a t  e x t e n t  c o n s i d e r i n g  b o t h  t h e  d i s c h a r g e  and 
t h e  sediment .  I n  t h e  p a s t  wa te r  has  been d i v e r t e d  by a  temporary e a r t h  
d i k e  c o n s t r u c t e d  a c r o s s  t h e  Wadi. When a l a r g e  flow occur red  i n  t h e  
Wadi, t h e  d i k e  was des t royed  and it was u s u a l l y  i m p o s s i b l e  t o  r e b u i l d  
t h e  d i k e  u n t i l  t h e  n e x t  d r y  season .  Concrete  d i v e r s i o n  w e i r s  a r e  be ing  
c o n s t r u c t e d  t o  command t h e  remodeled c a n a l  system. The c a n a l  shou ld  be 
des igned e i t h e r  t o  t r a n s p o r t  t h e  sediment th rough  it o r  t o  have b o t h  
s t a b l e  banks and bed f o r  t h e  d e s i g n  d i s c h a r g e .  If t h e  pr imary o b j e c t i v e  
i s  t o  t r a n s p o r t  sediment i n f l o w ,  t h e  c a n a l  d e s i g n  bed s l o p e  must be  
f a i r l y  s t e e p  s i n c e  t h e  banks would e rode  u n l e s s  s t a b i l i z e d .  Conversely ,  
i f  t h e  pr imary o b j e c t i v e  o f  t h e  des ign  i s  t o  have b o t h  s t a b l e  banks and 
bed,  d e s i g n  of t h e  bed s l o p e  must be  f l a t t e r .  T h i s  would g r e a t l y  reduce 
t h e  c a p a b i l i t y  of t h e  c a n a l  t o  t r a n s p o r t  any measurable bed m a t e r i a l  
l o a d .  T h i s  des ign  a l t e r n a t i v e  would be  a t t r a c t i v e  i f  t h e  sediment  
c o n c e n t r a t i o n  i n  t h e  wa te r  s u p p l i e d  t o  t h e  c a n a l  was r e l a t i v e l y  s m a l l .  

Impact o f  C o n s t r u c t i o n  o f  a  Large Dam on a  River  System Upstream of  a 
Divers ion  t o  a n  I r r i g a t e d  Area 

A p a r t i c u l a r  r i v e r  system and i t s  watershed was o f  such a  n a t u r e  
t h a t  d u r i n g  most of t h e  y e a r  t h e  water  f lowing i n  t h e  r i v e r  channel  
c a r r i e d  s i g n i f i c a n t  p e r c e n t a g e s  of f i n e  sediments  comprised of s i l t s  and 
c lays .  An i r r i g a t i o n  system was developed t h a t  d i v e r t e d  wate r  from t h i s  
r i v e r  long b e f o r e  - t h e r e  was any c o n s t r u c t i o n  of dams upstream of  t h e  
d i v e r s i o n  s t r u c t u r e  (F igure  3-12). The main c a n a l  d i v e r t s  w a t e r  from 
t h e  r i v e r  system t o  t h e  i r r i g a t e d  a r e a  a t  a  d i v e r s i o n  s t r u c t u r e .  There- 
a f t e r ,  i t  f lows around t h e  s i d e  h i l l  comprised of r a t h e r  permeable 
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1 Designed t o  ope ra t e  on a  f l a t  g rad ien t  t o  a s su re  s t a b i l i t y  
o f  5ank.s and beds of t he  c a n a l  system 

2 .  Sedio:ent de l ive red  t o  t he  cana l  system has  been rcducad by 
use o f  s ed inen t  exc'uders a t  t he  d i v e r s i o n  dam. Even SO, i t  
is d i f f i c u l t  t o  reduce t h e  sediment load t o  t he  p o i n t  vhcrc  
t h e  cana l  !;ystr~n can c a r r y  t h e  sediment wi thout  d e p o s i t i n g  
p a r t  of i t  i n  t he  c a n a l s ,  l a t e r a l s ,  d i t c h e s ,  e t c .  

C .  E f f e c t  on ?lain Chamel  

1. t i a i c c d  aggradat ion upstream o i  d ive r s ion  dam 

2 .  Limited l o c a l  dcpradat ion dobnstrenm of d ive r s ion  dam 

3. Downstream flow reduced due t o  d ive r s ion  f o r  i r r i g a t i o n .  T h i s  
reach w i l l  receive  more sediment than i t  normally would from 
upstream, a f t e r  t h e  s a n l l  r e s e r v o i r  upstream of t h c  d j v a r s i o n  
dam is f i l l c d  wi th  ,:edim*:nt. Hence, s i g n i f i c a n t  aggr . tds t ion 
may u rcu r  over t i n e  d o w n ~ t r e a ~ u  O C  t he  d ive r s ion  structure. 

Conclusion 

In t h i s  cypr oE system i t  i s  v l r t u n l l y  i s p o s s i b l e  t o  d e s i g n  a  
s y s t c ~ ~  t:rnt w i l l  not c x p e r i c ~ ~ c e  nggradat ion and r equ i r e  nnintenance.  
llowevrr, w i L h  a d e t a i l e d  a n a l y s i s  of the  sys tems the  p r o b l e m  can 
be minimized. 

F igure  3-11. Watershed, r i v e r  and i r r i g a t i o n  systems. 
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m a t e r i a l s  inc luding  sands and g r a v e l s ,  passes  through a  c i t y  a r ea  where 
t h e r e  i s  r e l a t i v e l y  dense development along both s i d e s  of t h e  channel ,  
and then  cont inues downstream t o  se rve  t h e  d i s t a n t  i r r i g a t e d  a r e a .  

Recent ly,  a  l a r g e  s to rage  dam was cons t ruc ted  on a  r i v e r  
immediately upstream of t h e  d ive r s ion  s t r u c t u r e  t h a t  s e rves  t h e  i r r i g a -  
t i o n  system. The r e se rvo i r  i s  i n  e f f e c t  a  d e s i l t i n g  b a s i n ,  and water  
r e l ea sed  from t h e r e  is  e s s e n t i a l l y  c l e a r .  This  c l e a r  water  r e l ea sed  
from t h e  dam flows down the  s h o r t  reach of r i v e r  channel and i s  then  
d ive r t ed  by means of t h e  d ive r s ion  dam t o  t h e  i r r i g a t i o n  cana l .  This  
r e l e a s e  of c l e a r  water may cause some degradat ion immediately downstream 
of t h e  dam a s  one would a n t i c i p a t e .  Then t h e  e s s e n t i a l l y  c l e a r  water 
e n t e r s  t h e  cana l .  There has been some degradat ion i n  t h e  main channel 

.and bank e ros ion  t h a t  has exposed more permeable bed and bank m a t e r i a l s .  
This  has increased  seepage l o s s e s .  There a r e  s e v e r a l  major de t r imen ta l  
f a c t o r s  a s  a  consequence of t h e  increased  seepage from t h e  cana l .  

1. A s i g n i f i c a n t  decrease i n  t h e  amount of water t h a t  can be 
de l ive red  t o  t h e  farm u n i t s  f o r  i r r i g a t i o n .  

2. The seepage from t h e  cana l  system has the  p o t e n t i a l  t o  cause a  
r i s e  i n  t h e  water t a b l e .  The inc rease  i n  t h e  l e v e l  of t he  
water t a b l e  may cause ex tens ive  damage t o  ad j acen t  bu i ld ings  
by f i l l i n g  t h e  basement l e v e l s  with water .  

There a r e ,  of course ,  o the r  p o t e n t i a l l y  de t r imen ta l  f a c t o r s  t h a t  
can adverse ly  a f f e c t  t h e  i r r i g a t i o n  system. For example, wi th  c l e a r  

b 

water i n  t h e  cana l  system it w i l l  be an i d e a l  environment f o r  t h e  growth 
of a q u a t i c  p l a n t s .  With these  p l a n t s  choking t h e  channels ,  t h e r e  w i l l  
be added water l o s s e s  and it w i l l  be d i f f i c u l t  t o  convey t h e  water 
requi red  t o  t h e  i r r i g a t i o n  systems. Therefore,  some type of p e r i o d i c  
t rea tment  w i l l  be requi red  t o  keep t h e  channels f r e e  of vege ta t ion .  
There i s  another  important i s s u e  on t h e  farm u n i t s .  Where land  has been 
i r r i g a t e d  by d ive r s ions  from head d i t c h e s  i n t o  furrows, t h e  head d i t c h e s  
were spaced s o  t h a t  a  f a i r l y  e f f i c i e n t  a p p l i c a t i o n  of water could be 
made wi th  water  conta in ing  s i l t s  and c l a y s .  With s i l t  and c l a y  i n  t h e  
water ,  r e l a t i v e l y  long runs were p o s s i b l e .  When one a t tempts  t o  use 
these  same lengths  of runs wi th  c l e a r  water t h e r e  a r e  excess  seepage 
l o s s e s  and, i n  f a c t ,  before  t h e  water reaches t h e  ends of t h e  furrows,  
a l l  of it i s  i n f i l t r a t e d  thus  bu i ld ing  up t h e  groundwater l e v e l .  This  
means t h a t  t h e  d i s t r i b u t i o n  systems on the  farm u n i t s  must be dramati-  
c a l l y  changes. Length of runs may have t o  be c u t  i n  product ive  space.  
The numerous d i t c h e s  may a l s o  add t o  problems of ha rves t ing .  

As r e f e r r e d  t o  prev ious ly ,  t h e  c l e a r  water tends t o  scour  t h e  banks 
and degrade t h e  bed of t he  canal  system. I f  the  a t t a c k  i s  s u f f i c i e n t l y  
s eve re ,  channel s t a b i l i z a t i o n  of some na tu re  may be requi red  o r ,  a s  
another  p o s s i b i l i t y ,  some type of l i n i n g  may be requi red  t o  minimize t h e  
l o s s e s  of water and t o  provide s t a b i l i t y  t o  t h e  system. 

I n  summary, i t  i s  important t o  s t r e s s  t h a t  cana l s  and r i v e r  systems 
develop i n  accordance with t h e  fo rces  t o  which they  a r e  sub jec t ed .  When 

4 condi t ions  a r e  a l t e r e d ,  a  v a r i e t y  of responses i s  i n i t i a t e d  i n  r i v e r s ,  
cana l s ,  and watersheds t h a t  supply water t o  t he  r i v e r  systems. I t  i s  



necessary then in carrying out these developments to utilize methods of 
analysis such as mathematical models to investigate the potential for 
change and to help identify both the favorable and adverse factors that 
may result from the development and subsequent changes to the system. 
In addition, it should be stressed that systems are continually being 
subjected to changes and once one has an operational model for the 
system one can periodically evaluate long-term response resulting from 
changes in upstream and downstream developments in the basin. The 
necessity for overall basin planning cannot be over emphasized. To 
carry out a meaningful investigation for basins and sub-basins the 
mathematical approaches utilizing process models and management models 
are essential. 

3 . 7  DATA NEEDS FOR ANALYSIS 

General 

Evaluating the adequacy of available data for supporting various 
phases of a river system study is an essential element of the analysis. 
Consideration must be given to gaps in the available data and related 
supplemental data collection requirements as well as techniques for data 
synthesis and data sensitivity analysis. 

Data needs are, of course, dependent on the complexity of the 
system being analyzed and the methods of analysis employed. Data 
requirements for a basin-wide study to include both watershed and 
channel modeling awe presented in Tables 3-1 and 3-2 which outline, res- 
pectively, the data necessary to support channel and tributary modeling 
and that required for watershed modeling. These tables are arranged in 
matrix form and include a description of the data and an assessment of 
its degree of importance to the particular phase of the study. 

3.8 LEVEL OF ANALYSIS 

Various levels of analysis can be formulated, verified, and 
utilized depending on level of accuracy required, available data, con- 
straints, magnitude of projected watershed and river changes, rate of 
changes, whether or not the watershed or channel is on the threshold of 
a major change considering its geometry, hydraulics, hydrology, and 
sediment transport. 

Level 1 .  This includes the office work and limited field 
investigations needed to determine if significant watershed and river 
response may occur. This would require hand-held calculator applica- 
tions. 

Level 2. This level involves conducting field work to establish 
baseline data (present conditions) and project changes that will result 
from alterations in flow, etc. Either hand-held calculator applications 
or simple computer models could be used in this level of analysis. 

Level 3. Additional data (some data could be synthesized) must be 
obtained to utilize the present state-of-the-art methods to simulate 
changes continuously and/or for major events. This level would require 
computer application of either simple or complicated state-of-the-art 
models. 



Table 3-1.  Basic da t a  needs f o r  channel modeling. 

Degree of 
Desc r ip t ion  of Data Importance 

Maps and Char t s  
Topographic map of r i v e r  environment 
Geologic map of r i v e r  environment 
Hydrographic c h a r t s  

Aer i a l  and Other Photos 
Large s c a l e  photos of r i v e r  and surrounding 

t e r r a i n  
Small s c a l e  a e r i a l  photos of r i v e r  and 

surrounding t e r r a i n  
Color i n f r a r e d  photos f o r  flow p a t t e r n s ,  

scour  zones, and vege ta t ion  

Hydraulic S t r u c t u r e s  ( e x i s t i n g  and planned 
s t r u c t u r e s )  

Plans and design d e t a i l s  
A l t e r a t i o n s  and r e p a i r s  
Scour 
Operat ion procedure 

Hydrology and Hydraulics 
Discharge records  
Flow v e l o c i t y  records 
Stage records 
Flood frequency curves 
Sediment d ischarge  records (bed m a t e r i a l  

and wash load)  
Res is tance  t o  flow 

Channl Geometry 
Cross s e c t i o n s  
I s l ands  
Flood p l a i n  
Bed s lope  
Water s u r f a c e  s lope  
Bars 
S inuos i ty  
Controls  ( f a l l s ,  r ap ids ,  r e s t r i c t i o n ,  

rock outcropping,  dams, d ive r s ions )  

Hydrography 
Water hydrograph 
Sediment hydrograph (bed ma te r i a l  and 

. wash load)  

Sediment s i z e  
Bed m a t e r i a l  s i z e  d i s t r i b u t i o n  
Bank m a t e r i a l  s i z e  d i s t r i b u t i o n  

Environmental da t a  
Ripar ian  community 
S a l i n i t y  of water 

Primary 
Secondary 
Primary 

Secondary 

Primary 

Secondary 

Primary 
Secondary 
Primary 
Primary 

Primary 
Primary 
Primary 
Secondary 

Primary 
Primary 

Primary 
Primary 
Primary 
Primary 
Primary 
Primary 
Secondary 

Primary 

Primary 

Primary 

Primary 
Primary 

Secondary 
Primary 
Secondary Turb id i ty  



Table 3-1. (Continued). 

Degree of 
Description of Data Importance 

Water temperature 
Fish habitat 
Chemical quality 

I. Climatologic data 
Precipitation 
Wind 
Air temperature 

Secondary 
Secondary 
Secondary 

Secondary 
Secondary 
Secondary 



Table 3-2. Basic da t a  needs f o r  watershed modeling. 

Degree of 
Descr ip t ion  of Data Importance 

Maps and c h a r t s  
Topographic maps of watersheds 
S o i l  maps of watersheds 
Geologic maps of watersheds 
Vegetat ion maps of watersheds 
Land use  maps of watersheds 

Aer i a l  and Other Photos 
Aer i a l  photos 
Color i n f r a r e d  photos of watersheds 

S o i l  and Geologic Data 
Hydraulic conduct iv i ty  
Cap i l l a ry  s e c t i o n  
S o i l  p o r o s i t y  
P a r t i c l e  s i z e  d i s t r i b u t i o n  
S o i l  moisture 
Rock outcropping 
Armoring s i z e  and d i s t r i b u t i o n  
F o r e s t  Inventory Data 
T o t a l  vege ta t ion  volume 
T o t a l  l i t t e r  volume 
Canopy cover dens i ty  
Ground cover dens i ty  
I n t e r c e p t i o n  s to rage  capac i ty  of a 

t y p i c a l  canopy 
Evapot ranspi ra t ion  of a t y p i c a l  canopy 

Hydrology and Hydraulics i n  Water System 
Flow discharge  records 
Flow v e l o c i t y  records 
Flow s t a g e  records 
Res is tance  t o  flow 
Sediment d ischarge  records (bed ma te r i a l  

and wash load)  

Climatological  Data 
P r e c i p i t a t i o n  
Wind 
Radia t ion  
A i r  temperature 
Humidity 
P r e c i p i t a t i o n  frequency curves 

Hydrographic Data 
Water hydrographs 
Sediment hydrographs 

Environmental Data 
Wi ld l i f e  
F i s h  h a b i t a t  
Turb id i ty  
Chemical q u a l i t y  
Water temperature 

Primary 
Primary 
Primary 
Primary 
Primary 

Primary 
Primary 

Primary 
Primary 
Primary 
Primary 
Primary 
Primary 
Primary 

Secondary 
Secondary 
Secondary 
Secondary 

Secondary 
Secondary 

Primary 
Primary 
Primary 
Primary 

Primary 

Primary 
Primary 
Primary 
Primary 
Secondary 
Secondary 

Primary 
Primary 

Secondary 
Secondary 
Secondary 
Secondary 
Secondary 



Table 3-2. (Continued). 

Degree of 
Descr ip t ion  of Data Importance 

I .  Land Use Data ( h i s t o r i c a l  and p re sen t  records)  
Forested a reas  Primary 
Urban a reas  Primary 
I n d u s t r i a l  a r eas  Primary 
Recrea t iona l  a r eas  Secondary 
Agr i cu l tu ra l  a r eas  Primary 

I t  must be noted t h a t  c e r t a i n  ca t egor i e s  of da t a  inc luding  hydrogolic ,  
hydrau l i c ,  channel geometry, and hydrographic,  a r e  extremely dynamic 
i n  na tu re  and s t rong ly  a  func t ion  of p a s t  and p re sen t  condi t ions .  
Therefore,  a v a i l a b l e  da t a  should be v a l i d a t e d  a g a i n s t  today ' s  r i v e r  
system condi t ions  t o  determine t h e i r  a c c e p t a b i l i t y  f o r  t h e  a n a l y s i s .  



Level  4 .  T h i s  l e v e l  i n c l u d e s  t h e  r e s e a r c h  t o  deve lop  a n d / o r  modify 
s t a t e - o f - t h e - a r t  t echno logy  t o  improve Level  3 a n a l y s i s .  T h i s  might 
i n c o r p o r a t e  sediment  r o u t i n g  by s i z e  f r a c t i o n .  . T h i s  approach would 
u t i l i z e  a n  i n t e r a c t i v e  d a t a  s t o r a g e  and r e t r i e v a l  system and could  
i n c l u d e  d a t a  e s s e n t i a l  f o r  t h e  a n a l y s i s  of wa te r  q u a l i t y ,  b i o l o g y ,  
r e c r e a t i o n ,  e t c .  

Leve l  5 .  T h i s  l e v e l  i n c o r p o r a t e s  t h e  management model w i t h  Leve l  3 
and /or  Level  4 a n a l y s i s  a s  one component o f  t h e  comprehensive sys tem of 
models.  

A l l  l e v e l s  of a n a l y s i s  shou ld  b e  capab le  o f  e v a l u a t i n g  wate r shed  
and r i v e r  responses  t o  a l l  l e v e l s  of watershed management and s t reamf low 
a l t e r a t i o n .  The methods of a n a l y s i s  must i n c l u d e  t h e  s t r e a m  system and 
t h e  wa te r shed .  The d a t a  r e q u i r e d  and recommended l e v e l  of a n a l y s i s  f o r  
v a r i o u s  l e v e l s  o f  a n a l y s i s  f o l l o w .  

Level  1 

Needs Data Required 
Knowledge o f  Recorded d a t a :  
p r e s e n t  system c l i m a t i c  

hydro log ic  
h y d r a u l i c  

Maps 
A e r i a l  photos  
F i e l d  d a t a :  

t y p e  o f  r i v e r  
bank e r o s i o n  
s t a b i l i t y  
bed .and bank m a t e r i a l  
v e g e t a t i o n  
channel  geometry 
watershed c h a r a c t e r i s t i c s  
r i f f l e  and poo l  sequence 
v e l o c i t y  
geology 
c o n t r o l  
s t r u c t u r e s  

Proposed s t r u c t u r e s ,  
w a t e r  r i g h t s ,  e t c .  

Level  2 

Needs Data Required 
Requi res  more A l l  d a t a  f o r  Level  1 p l u s :  
a c c u r a t e  and d e t a i l  d a t a  on s t u d y  
d e t a i l e d  d a t a .  subreaches ,  c r o s s  
Also needs more s e t i o n  i n  t h e  sub- 
i n f o r m a t i o n  on r e a c h e s ,  s t a g e -  
changes i n  d i s c h a r g e  r e l a t i o n s ,  
above a s  f u n c t i o n  suspended sed iment ,  

4 

of space  and t ime  bed m a t e r i a l ,  channe l  
s l o p e ,  e t c .  

Method of A n a l y s i s  
Geo~norphic,  t r a n s p o r t ,  

h y d r o l o g i c  and h y d r a u l i c  
r e l a t i o n s  r e q u i r e d  f o r  a  
q u a l i t a t i v e  a n a l y s i s .  An 
e x a p l e  i s  t o  u s e  Lane 
r e l a t i o n  (Simons and 
S e n t u r k ,  1977)  h y d r a u l i c  
geomet r ic  e q u a t i o n s ,  e t c .  

Method of  A n a l y s i s  
Conduct Leve l  1 t y p e  s t u d y  
suppor ted  w i t h  a d d i t i o n a l  
d a t a  on sediment  t r a n s p o r t ,  
geomorphic r e l a t i o n s ,  s t a g e  
d u r a t i o n ,  f low d i s t r i b u t i o n ,  
peak f l o w s ,  minimum f l o w s ,  
e t c .  Determine more 
p r e c i s e  v a l u e s  o f  t h e  sys tem 
response  



Information on: If r e s u l t s  i n d i c a t e :  
v e r t i c a l s  a t  a c ros s  1. Large changes i n  time 
s e c t i o n ,  engineering and space 
and n a t u r a l  c o n t r o l s ,  2 .  Thresholds 
land-use changes, and 3 .  High c o s t s  
watershed impacts.  4 .  Need f o r  g r e a t e r  

Decide whether t o  t r e a t  accuracy 
r i v e r  a s  r i g i d  o r  a l l u v i a l  5 .  Cannot s a t i s f y  l e g a l ,  
sys  tern . e t c . ,  c o n s t r a i n t s  t hen  

go on t o  Level 3 a n a l y s i s  

Level 3 

Use the  cu r r en t  s t a t e - o f - t h e - a r t  models and techniques t o  route  
water and sediment f o r  major runoff events  o r  s imulate  cont inuously i f  
necessary.  General ly ,  a known discharge model w i l l  provide s u f f i c i e n t  
accuracy. 

Develop methodologies t o  accommodate a l l  i n t e r e s t s  inc luding  water 
resources development, water q u a l i t y ,  r e c r e a t i o n ,  b io logy ,  r i v e r  
mechanics, e t c .  

Develop and u t i l i z e  a common da ta  s to rage  and r e t r i e v a l  system. 
Such an  approach i s  necessary t o  conduct an accu ra t e ,  economical, 
e f f i c i e n t  and s u f f i c i e n t s  a n a l y s i s .  

Level 4 

Use t h e  cu r r en t  models t o  i d e n t i f y  sho r t -  and long-term da ta  needs 
and research  needs. Then conduct research  t o  improve Level 3 type 
models and a n a l y s i s .  .Also,  could proceed wi th  a higher  l e v e l  of 
s o p h i s t i c a t i o n  involving water q u a l i t y ,  sediment rout ing  by s i z e  f r a c -  
t i o n ,  two-dimensional modeling, improve watershed modeling components, 
e t c .  

Level 5 

Incorpora te  t h e  management models such a s  % l i n e a r  programming, 
dynamic programming, sc reening ,  d i r e c t  s ea rch ,  and/or nonl inear  program- 
ming opt imiza t ion  techniques wi th  Level 3 and/or Level ' 4 model a s  one 
component of t h e  comprehensive system of models. 

3 . 9  SUMMARY 

I n  t h i s  chap te r ,  an overview of some case s t u d i e s  i s  made t o  
i l l u s t r a t e  types of problems t h a t  a r e  o f t e n  encountered i n  a n a l y s i s  of 
watershed and r i v e r  systems. General da t a  needs f o r  a n a l y s i s  a r e  
discussed and an e f f e c t i v e  system f o r  da t a  management i s  p resented .  
Then, a genera l  approach t o  determine t h e  requi red  l e v e l  of a n a l y s i s  i s  
recommended. 
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CHAPTER 4 

FLWIAL GEOMORPHOLOGY 

4 . 1  THE FLUVIAL SYSTEM 

F l u v i a l  geomorphology has a s  i t s  o b j e c t  of s tudy  no t  only 
ind iv idua l  channels b u t  t h e  e n t i r e  drainage system (Kruska and Lamarra, 
1973). For example, it i s  r a r e l y  poss ib l e  t o  understand even a s h o r t  
reach of an  a l l u v i a l  channel i n  i s o l a t i o n  from i t s  upstream and down- 
s t ream c o n t r o l s .  I n  t h e  s imples t  case  the  reach i s  an i n t e g r a t i o n  of 
upstream geology, morphology, and hydrology ( t h e  hydrology i t s e l f  may 
be s t r o n g l y  inf luenced  by drainage-basin morphology). 

F igure  4-1 which i s  divided f o r  convenience of d i scuss ion  i n t o  
t h r e e  p a r t s  i s  a ske t ch  of an idea l i zed  f l u v i a l  system. The p a r t s  a r e  
r e f e r r e d  t o  a s  Zones 1, 2 ,  and 3 i n  a downstream d i r e c t i o n .  The upper- 
most i s  t h e  dra inage  b a s i n ,  watershed, o r  sediment-source a rea  (Zone 1). 
This  i s  t h e  a r ea  from which water and sediment a r e  der ived .  I t  i s  p r i -  
mar i ly  t h e  zone of sediment product ion,  a l though sediment s t o r a g e  does 
not  occur t h e r e  i n  important ways. Zone 2 i s  t h e  t r a n s f e r  zone where 
f o r  a s t a b l e  channel ,  input  of sediment can equal  ou tput .  Zone 3 is  t h e  
sediment s ink  o r  a r ea  of depos i t i on .  

These t h r e e  subdiv is ions  of t he  f l u v i a l  system may appear 
a r t i f i c i a l  because obviously sediments a r e  s t o r e d ,  eroded,  and t r a n s -  
por ted  i n  a l l  t h e  zones. Never.theless,  w i th in  each zone one process  i s  

ZONE l (production) 

Drainaqe Basin Upstream Controls 
(climate, diastrophism. 

ZONE 2 (transfer) 

land-use.) 

A 

ZONE 3 (deposition) 

I 

Figure  4-1. Idea l ized  f l u v i a l  system. (From Schumm, 1977.) 

Downstream 

Controts 
( baselevel, 
diastrophism.) 

usua l ly  dominant and it i s  convenient t o  t h i n k  of Zone 1 a s  t h e  sediment 
producer,  and i n  t h e  i d e a l  case Zone 2 i s  a zone of t r a n s f e r  o r  predomi- 
nant  t r a n s p o r t .  Eventual ly t h e  sediment i s  depos i ted  i n  Zone 3 on an  
a l l u v i a l  f a n ,  a l l u v i a l  p l a i n ,  d e l t a ,  o r  i n  deeper waters .  

Zone 1 i s  t h e  a r ea  of g r e a t e s t  i n t e r e s t  t o  watershed s c i e n t i s t s  and 
hydro log i s t s ,  .as we l l  a s  geomorphologists involved wi th  evo lu t ion  and 



growth of drainage systems. Zone 2 i s  of major concern t o  t h e  hydraul ic  
and r ive r - con t ro l  engineer  and t o  geomorphologists concerned p r imar i ly  
with r iver-channel  morphology. 

Landforms may r e f l e c t  t h e i r  p a s t  h i s t o r y  and most show t h e  
inf luence  of cu r r en t  processes .  TheEefore, s c r u t i n y  of t h e  landscape 
should revea l  much about p a s t  and p re sen t  events  and even f u t u r e  re-  
sponse of t h e  system t o  changes imposed upon it. I n  t h i s  way geomorphic 
p r i n c i p l e s  can be appl ied  t o  t h e  f i e l d s  of geology, astrogeology,  a r -  
chaeology, hydrology, c i v i l  and a g r i c u l t u r a l  engineer ing ,  reg iona l  plan- 
n ing ,  and law (Schumm, 1969b). 

There appear t o  be t h r e e  ways i n  which a  geomorphologist 's  
knowledge of t h e  landscape can be appl ied t o  p r a c t i c a l  problems. The 
f i r s t  i s  simply i n  eva lua t ion  of e x i s t i n g  condi t ions .  For example, 
photogeologis ts  use d i f f e r ences  i n  drainage d e n s i t y  and drainage pa t -  
t e r n s  t o  d e l i n e a t e  s p e c i f i c  rock types and l o c a t e  geologic  s t r u c t u r e s .  
The second is  an  at tempt  t o  p r e d i c t  what w i l l  happen i n  t h e  f u t u r e  both 
wi th  cons tan t  and changing environmental condi t ions .  For example, what 
w i l l  happen t o  a  r i v e r  a s  f lood peaks a r e  increased  by urbaniza t ion  o r  
weather modif icat ion? This  type of p ro j ec t ion  of cu r r en t  information 
(p red ic t ion )  i s  t h e  r e s u l t  of t he  development of an understanding of 
cause and e f f e c t  r e l a t i o n s  i n  geomorphic systems. The t h i r d  i s  an 
at tempt  t o  i n t e r p r e t  t h e  p a s t  ( r e t r o d i c t i o n ) .  Of course ,  t h i s  i s  t h e  
t r a d i t i o n a l  approach of geo log i s t s  t o  h i s t o r i c a l  problems b u t  it may 
a l s o  have r e a l  s ign i f i cance .  For example, p a s t  behavior of r i v e r s  may 
s i g n i f i c a n t l y  i n f luence  t h e i r  p re sen t  morphology. 

I n  order  t o  accomplish t h e  ob jec t ives  of eva lua t ion ,  p r e d i c t i o n ,  
and r e t r o d i c t i o n  it is  necessary t o  apply not  only s p e c i f i c  information 
concerning e r o s i o n a l  and depos i t i ona l  processes  b u t  a l s o  geomorphic 
p r i n c i p l e s .  W .  M .  Davis' (1899) model of e ros iona l  development of 
landforms was based on v a r i a b l e s  grouped under t h e  headings 'of s t r u c -  
t u r e ,  p rocess ,  and s t a g e .  I n  t h i s  p re sen ta t ion  on t h e  f l u v i a l  system 
process  might be e l imina ted  from cons idera t ion .  . Nevertheless  because 
e ros iona l  and depos i t i ona l  processes  tend t o  ope ra t e  a t  d i f f e r e n t  i n t en -  
s i t i e s  under d i f f e r e n t  c l i m a t i c  regimes and d i f f e r e n t  geologic  con- 
s t r a i n t s ,  t h e  i n t e n s i t y  and dura t ion  of a c t i v i t y  of t h e  process  i s  s t i l l  
of concern. S t r u c t u r e ,  of course,  a p p l i e s  t o  a l l  geologic  c o n t r o l s ,  
both s t r u c t u r a l  and l i t h o l o g i c .  F i n a l l y ,  t h e r e  i s  s t a g e  o r  t ime.  The 
geo log i s t  and geomorphologist w i l l  no t  ques t ion  t h e  p rog res s ive  change 
of t h e  f l u v i a l  landscape through time bu t  when dea l ing  with an  i n t e r v a l  
s h o r t e r  than  t h a t  involved i n  the  e r o s i o n a l  cycle many o t h e r s  fee l  t h a t  
t h e  landscape i s  r e l a t i v e l y  s t a t i c .  That i s ,  t h e  e ros ion  of t h e  r i v e r  
bend i s  an  unnatura l  event  and it must be con t ro l l ed .  This  i s  nonsense 
from a  geomorphic p o i n t  of view because one can normally expect  such 
changes t o  take  p l ace .  Three p r i n c i p l e s  upon which t h e  i n t e r p r e t a t i o n  
of t h e  f l u v i a l  system can be based a r e  a s  fol lows:  

1. The landscape i s  dynamic. One can expect  e r o s i o n a l  and 
depos i t i ona l  changes t o  occur over r e l a t i v e l y  s h o r t  per iods  of t ime. I n  
many cases  t h e s e  changes r e s u l t  from uns tab le  s i t u a t i o n s  generated by 
changing hydrologic conditions o r  changing land-use p a t t e r n s ,  b u t  t h e  



normal p r o g r e s s i v e  change of t h e  l andscape  must n o t  be  mis taken  f o r  
i n s t a b i l i t y .  

2 .  Landscape changes a r e  u s u a l l y  complex (Schumm and P a r k e r ,  
1973) .  When a  l andscape  o r  l andscape  component i s  s u b j e c t e d  t o  t h e  
i n f l u e n c e  o f  a n  e x t e r n a l  v a r i a b l e  such a s  c l i m a t i c  change,  man's i n f l u -  
e n c e ,  o r  changing b a s e  l e v e l ,  i t  w i l l  respond b u t  because  a  l andscape  i s  
a  complex system,  t h e  response i t s e l f  w i l l  be complex. Tha t  i s ,  when A 
i s  changed we can e x p e c t  B t o  occur  b u t  i n  a d d i t i o n ,  C and D may a l s o  
r e s u l t .  Secondary responses  can be a n t i c i p a t e d  b u t  w e  a r e  f r e q u e n t l y  
unable  t o  p r e c i s e l y  p r e d i c t  t h e i r  n a t u r e .  T h e r e f o r e ,  it i s  i m p o r t a n t  t o  
r e c o g n i z e  t h a t  e i t h e r  n a t u r a l  o r  man-induced landform changes w i l l  
a lmos t  c e r t a i n l y  be more complicated t h a n  most t ex tbooks  s u g g e s t .  

3 .  Geomorphic t h r e s h o l d s  e x i s t  and r e s u l t  i n  a b r u p t  and 
unexpected landform change (Schumm, 1973, 1977) .  Examples c i t e d  l a t e r  
w i l l  make t h i s  concept  c l e a r  b u t  it means t h a t  w i t h  p r o g r e s s i v e  change 
o f  a n  independent  v a r i a b l e ,  a  landform may n o t  respond u n t i l  a  c r i t i c a l  
c o n d i t i o n  i s  a t t a i n e d .  The bedform changes t h a t  o c c u r  d u r i n g  a  p r o g r e s -  
s ive  i n c r e a s e  of s t r e a m  power a r e  a  good example (Simons e t  a l . ,  1965) .  
I n  a d d i t i o n ,  a s  landforms change th rough  t ime t h e y  may deve lop  t o  a  
morpholog ica l ly  c r i t i c a l  c o n d i t i o n ,  when a  d r a m a t i c  and a b r u p t  change 
o c c u r s .  A t r i v i a l  example of t h i s  t y p e  of i n h e r e n t  geomorphic t h r e s h o l d  
i s  t h e  changing form of a  r i v e r  meander. Through time a  meander bend 
may deform u n t i l  i t s  neck i s  v e r y  narrow, and t h e n  d u r i n g  t h e  e v e n t  of a  
major  f l o o d  it w i l l  c u t o f f .  The immediate cause  of t h e  c u t o f f  is t h e  
h i g h  d i s c h a r g e  b u t ,  n e v e r t h e l e s s ,  t h e  s i t u a t i o n  was developed th rough  a  
l o n g  p e r i o d  o f  normal e r o s i o n .  Events  o f  t h i s  g e n e r a l  t y p e  may be  
f a i r l y  common and t h e  i d e n t i f i c a t i o n  of i n c i p i e n t l y  u n s t a b l e  landforms 
shou ld  be  a  major  g o a l  of geomorphologis ts .  

Thresho lds  

One of t h e  c r i t i c a l  problems and q u e s t i o n s  i n  geomorphology i s  
de te rmin ing  t h e  s t r e s s  c o n d i t i o n s  t h a t  w i l l  cause  a d r a m a t i c  change i n  
t h e  geomorphic system w i t h  s i g n i f i c a n t  m o d i f i c a t i o n  o f  t h e  l a n d s c a p e .  
Th is  o f  c o u r s e  depends on t h e  e x t e r n a l  stress a p p l i e d  and t h e  s t r e n g t h  
of t h e  m a t e r i a l  t o  which t h e  s t r e s s  i s  a p p l i e d .  I t  i s  i n  t h i s  c o n t e x t  
t h a t  t h r e s h o l d s  a r e  g e n e r a l l y  cons idered .  A g r a d u a l  i n c r e a s e  i n  e x t e r -  
n a l  s t r e s s  e v e n t u a l l y  produces  a  d r a m a t i c  response  i n  t h e  sys tem.  These 
a r e  r e f e r r e d  t o  a s  e x t r i n s i c  t h r e s h o l d s  (Schumm, 1973) because  t h e y  
depend on an  e x t e r n a l  i n f l u e n c e .  A good example i s  t h e  response  o f  
sediment  t o  a n  i n c r e a s e  i n  t h e  v e l o c i t y  and dep th  o f  f low of  w a t e r .  The 
sediment  remains immobile u n t i l  movement e v e n t u a l l y  b e g i n s  a t  a  s h e a r  o r  
v e l o c i t y  t h r e s h o l d .  I n  a d d i t i o n  a t  h i g h e r  t h r e s h o l d s  a b r u p t  changes i n  
t h e  bedforms deve lop  on t h e  channel  f l o o r  (Simons e t  a l . ,  1965) .  These 
h y d r a u l i c  t h r e s h o l d s  show t h a t  t h e r e  need n o t  always b e  a  p r o g r e s s i v e  
r e a c t i o n  o f  a  sys tem t o  a  s lowly  i n c r e a s i n g  s t r e s s .  

Also a n o t h e r  t y p e  of t h r e s h o l d  i n h e r e n t  t o  t h e  sys tem i s  t h e  
i n t r i n s i c  t h r e s h o l d .  An example i s  t h e  long- term p r o g r e s s i v e  wea ther ing  
o f  s l o p e  m a t e r i a l s  t h a t  e v e n t u a l l y  r e s u l t s  i n  mass movement (Kirkby, 
1973).  In  s e m i a r i d  r e g i o n s  sediment  s t o r a g e  i n  a  v a l l e y  th rough  time 
p r o g r e s s i v e l y  i n c r e a s e s  v a l l e y  s l o p e  u n t i l  f a i l u r e  ( e r o s i o n )  o c c u r s .  



This  i s  an  i n t r i n s i c  geomorphic t h r e s h o l d .  I t  i s  t h e  r e s u l t  of landform 
change through t ime t o  a  c o n d i t i o n  of i n c i p i e n t  i n s t a b i l i t y ,  w i t h o u t  a  
change o f  e x t e r n a l  i n f l u e n c e s  (Schumm, 1977) .  

A common example of a  geomorphic t h r e s h o l d  i s  p r o g r e s s i v e  i n c r e a s e  
i n  channel  s i n u o s i t y  and meander ampl i tude u n t i l  a  c u t o f f  o r  channe l  
a v u l s i o n  r e s u l t s  on a l l u v i a l  p l a i n s  and d e l t a s .  Th i s  i s  due t o  channel  
l eng then ing  and g r a d i e n t  r e d u c t i o n  accompanying i n c r e a s e s  i n  s i n u o s i t y  
and d e l t a  s i z e .  

I t  i s  impor tan t  t o  s t r e s s  t h a t  t h e  concept of i n t r i n s i c  geomorphic 
t h r e s h o l d s  and e s p e c i a l l y  geomorphic t h r e s h o l d s ,  means t h a t  changes i n  
f l u v i a l  e r o s i o n  and d e p o s i t i o n  need n o t  always b e  a t t r i b u t e d  t o  e x t e r n a l  
( e x t r i n s i c )  i n f l u e n c e s  such a s  c l i m a t e ,  t e c t o n i c s ,  and b a s e l e v e l  change. 
T h i s  conc lus ion  i s  c o n t r a r y  t o  t h e  u s u a l  geo log ic  assumption of p r o g r e s -  
s i v e  change i n t e r r u p t e d  on ly  by e x t e r n a l  i n f l u e n c e s  and has  s i g n i f i c a n t  
i m p l i c a t i o n s  f o r  i n t e r p r e t a t i o n  of e r o s i o n a l  and d e p o s i t i o n a l  e v e n t s  and 
t h e  d i s t r i b u t i o n  o f  e r o s i o n a l  and d e p o s i t i o n a l  f e a t u r e s  i n  t h e  
l andscape .  

4 . 2  VARIABLES 

A h i e r a r c h y  o f  v a r i a b l e s  t h a t  a r e  s i g n i f i c a n t  t o  t h e  morphology and 
mechanics of Zone 1 i s  shown i n  Table  4-1. The v a r i a b l e s  a r e  a r ranged  
i n  a  sequence t h a t  r e f l e c t s  i n c r e a s i n g  degrees  of dependence,  i n s o f a r  a s  
t h i s  can be  done f o r  such a  complex system. I t  shou ld  be no ted  t h a t  
on ly  upstream c o n t r o l s  a r e  g iven .  

Time, i n i t i a l  r e l i e f ,  geology, and c l i m a t e  ( v a r i a b l e s  1-4 ,  Table  
4-1) a r e  t h e  dominant independent  v a r i a b l e s  t h a t  i n f l u e n c e  p r o g r e s s  of 
e r o s i o n a l  denuda t ion  of a  l andscape  and i t s  hydrology.  V e g e t a t i o n a l  
t y p e  and d e n s i t y  ( v a r i a b l e  5 )  depend on l i t h o l o g y  ( s o i l s )  and c l i m a t e  
( v a r i a b l e  6 )  o r  mass remaining above b a s e l e v e l  i s  determined by t h e  
f a c t o r s  above it i n  t h e  t a b l e .  R e l i e f  i n  t u r n  s t r o n g l y  i n f l u e n c e s  t h e  
runoff  and sediment  y i e l d  p e r  u n i t  a r e a  w i t h i n  t h e  d r a i n a g e  b a s i n  
( v a r i a b l e  7 ) .  Runoff a c t i n g  on s o i l  and g e o l o g i c  m a t e r i a l s  produces  a  
c h a r a c t e r i s t i c  d r a i n a g e  network morphology ( v a r i a b l e  8 - d r a i n a g e  den- 
s i t y ,  channel  shape ,  g r a d i e n t ,  and p a t t e r n )  and h . i l l s l o p e  morphology 
( v a r i a b l e  9 - a n g l e  of i n c l i n a t i o n ,  l e n g t h ,  and p r o f i l e  form) w i t h i n  t h e  
c o n s t r a i n t s  of r e l i e f ,  c l i m a t e ,  l i t h o l o g y ,  and t ime .  These morphologic 
v a r i a b l e s  i n  t u r n  s t r o n g l y  i n f l u e n c e  t h e  volumes o f  runof f  and sediment 
t h a t  a r e  e v e n t u a l l y  d i scharged  from Zone 1 ( v a r i a b l e  1 0 ) .  I t  i s  t h i s  
volume of  sediment and wate r  t h a t  t o  a major e x t e n t  de te rmines  channel  
morphology and t h e  n a t u r e  of f l u v i a l  d e p o s i t s  t h a t  form i n  Zones 2  and 3 
( v a r i a b l e s  11 and 1 2 ) .  

Some of t h e  v a r i a b l e s  g iven  i n  Table  4-1 f o r  example,  geology 
( l i t h o l o g y ,  s t r u c t u r e ,  and s o i l s )  and c l i m a t e  ( t empera tu re  and p r e c i p i -  
t a t i o n ) ,  r e p r e s e n t  a  group of  v a r i a b l e s  and a r e  cons idered  i n  t h e  d i s -  
cuss ions  t h a t  f o l l o w .  Other  v a r i a b l e s  t h a t  can be grouped f o r  d i s c u s -  
s i o n  purposes  a r e  v a r i a b l e s  2 ,  6 ,  8 ,  and 9 (morphology) and v a r i a b l e s  7 
and 10 (hydro logy) .  



Table 4-1. F l u v i a l  system v a r i a b l e s  (From Schumm and L ich ty ,  1965).  

Drainage system v a r i a b l e s  

1 .  Time 
2 .  I n i t i a l  r e l i e f  
3. Geology ( l i t h o l o g y ,  s t r u c t u r e )  
4 .  Climate 
5 .  Vegetat ion ( type and dens i ty )  
6 .  Re l i e f  o r  volume of system above base l eve l  
7 .  Hydrology (runoff  and sediment y i e l d  p e r  u n i t  a r ea  wi th in  Zone 1 )  
8.  Drainage network morphology 
9 .  H i l l s l o p e  morphology 

10. Hydrology (discharge of water and sediment t o  Zones 2 and 3) 
11 .  Channel and v a l l e y  morphology and sediment c h a r a c t e r i s t i c s  (Zone 2) 
12. Depos i t iona l  sysem morphology and sediment c h a r a c t e r i s t i c s  (Zone 3 )  

Time (Variable  1)  

Time r e f e r s  t o  t he  passage of time s i n c e  t h e  incep t ion  of t h e  
e r o s i o n a l  process  and i n  i t s e l f  has no e f f e c t  on t h e  landscape. Ins tead  
i t  records  t h e  accomplishments of t h e  system. Depending on the  time 
span considered,  t ime may be e i t h e r  an extremely important  v a r i a b l e  o r  
of r e l a t i v e l y  l i t t l e  s ign i f i cance  i n  cons ide ra t ion  of t h e  f l u v i a l  

I 

system. For example, during a  s h o r t  per iod  of t ime t h e r e  may be no 
change i n  t h e  morphology of stream channel bu t  dur ing  a  longer  per iod  
(graded time) t h e  channel may a d j u s t  t o  hydrologic  even t s .  Whereas 
during long per iods  of geologic  ( c y c l i c )  time the re  can be a  p rog res s ive  
change i n  channel c h a r a c t e r .  (For a  f u l l e r  d i scuss ion  s e e  Schumm and 
Lichty ,  1965 and Schumm, 1977). 

Morphology (Variables  2 ,  6 ,  8 ,  and 9 )  

The i n i t i a l  movement of water and sediment i n  Zone 1 r e f l e c t s  
p r e c i p i t a t i o n ,  s o i l  c h a r a c t e r i s t i c s ,  and s lope .  For a  f l u v i a l  landscape 
t o  form, water  must move and erode. The r e s u l t i n g  dra inage  network and 
i t s  morphologic cha rac t e r  then inf luence  t h e  amount and manner i n  which 
water and sediment a r e  discharged t o  Zones 2 and 3 ( v a r i a b l e  10). The 
incep t ion  and e f f e c t  of runoff on s lopes  and beneath them through t h e  
s o i l ,  a l though of g r e a t  importance a r e  n o t  d i scussed .  Rather  only t h e  
e f f e c t  of two morphologic v a r i a b l e s  r e l i e f  o r  s lope  ( v a r i a b l e s  2 and 6)  
and drainage d e n s i t y  (va r i ab l e  8)  on t h e  hydrology of Zone 1 ( v a r i a b l e  
10) a r e  cons idered .  

Re l i e f  (Variables  2  and 6)  

I n i t i a l  r e l i e f  (va r i ab l e  2)  t h a t  i s  dependent on t h e  magnitude of 
u p l i f t  and t h e  r e l i e f  a t  any time during t h e  e r o s i o n a l  development of  
Zone 1 ( v a r i a b l e  6)  determines t h e  magnitude of t he  component of grav i -  
t a t i o n a l  fo rce  a c t i n g  along s lopes  and channels and t h e  p o t e n t i a l  energy 
of Zone 1. Therefore,  t h e  r a t e  a t  which denudat ional  procesbes ope ra t e  
and t h e i r  e f f e c t s  on basin morphology a r e  s i g n i f i c a n t l y  inf luenced  by 
r e l i e f  and s lope .  



R e l i e f  and s l o p e  s t r o n g l y  i n f l u e n c e  t h e  movement of w a t e r  and 
sediment ( v a r i a b l e s  7 and 1 0 ) .  For example, when sed iment -y ie ld  d a t a  
from smal l  d r a i n a g e  b a s i n s  t h a t  a r e  u n d e r l a i n  by sands tone  and s h a l e ,  
a r e  p l o t t e d  a g a i n s t  t h e  average  s l o p e  ( r e l i e f j l e n g t h  r a t i o ,  r e l i e f  of 
b a s i n  d i v i d e d  by b a s i n  l e n g t h ) ,  an  e x p o n e n t i a l  r e l a t i o n s h i p  between t h e  
two v a r i a b l e s  i s  apparen t  (F igure  4 - 2 ) .  

Mean re l~ef / !enqth  ro l l0  

Figure  4-2. R e l a t i o n  o f  mean annual  sediment y i e l d  t o  r e l i e f j l e n g t h  
r a t i o  f o r  smal l  d r a i n a g e  b a s i n s  i n  wes te rn  Uni ted  S t a t e s .  
Each p o i n t  i s  an average v a l u e  f o r  s e v e r a l  b a s i n s .  Data 
£tom a  t o t a l  of 59 b a s i n s  a r e  repr ' e sen ted .  The number be- 
s i d e  each p o i n t  i n d i c a t e s  rock t y p e  and l o c a t i o n  a s  f o l -  
lows: 1 )  r e s i s t a n t  sands tone ,  Utah,  2)  f r i a b l e  sands tone ,  
Utah,  3 )  s h a l e ,  Utah,  4 )  sands tone ,  New Mexico, Arizona,  
5) conglomerate and sands tone ,  New Mexico, Arizona,  
6 )  sands tone ,  New Mexico, Arizona;  7 )  sandy s h a l e ,  Wyoming, 
8) sands tone  and s h a l e ,  Wyoming, 9 )  s h a l e ,  Wyoming, 10) 
10) s h a l e ,  s i l t s t o n e ,  Wyoming, 11)  s a n d s t o n e ,  Wyoming, 12) 
s h a l e ,  Colorado (From Hadley and Schumm, 1961) .  

Drainage Tex ture  ( V a r i a b l e  8)  

The s p a c i n g  of t h e  d r a i n a g e  channe l s  w i t h i n  Zone 1 e x p r e s s e d  a s  
d ra inage  d e n s i t y  i s  an index of e f f i c i e n c y  of Zone 1 i n  d i s p o s i n g  of 
wa te r  and sediment .  The e f f e c t  of r e l i e f  has  a l r e a d y  been c l a r i f i e d .  



Both mean annua l  runof f  and sediment y i e l d  a r e  found t o  be  s i g n i f i c a n t l y  
g r e a t e r  from d r a i n a g e  b a s i n s  w i t h  h i g h  d r a i n a g e  d e n s i t i e s  b u t  s i m i l a r  
r e l i e f / l e n g t h  rat ios .  See t h e  l a t e r  d i s c u s s i o n  of C o r n f i e l d ,  Washington 
d r a i n a g e  b a s i n .  

Geology ( V a r i a b l e  3)  

Geology i n c l u d e s  l i t h o l o g i c  c h a r a c t e r  o f  r o c k s ,  a s  w e l l  a s  
s t r u c t u r e ,  t h e  i n f l u e n c e  of f r a c t u r e s  ( j o i n t  and f a u l t s ) ,  and o t h e r  
de format iona l  f e a t u r e s  and t h e i r  d i s t r i b u t i o n .  

R i v e r s  d r a i n i n g  a r e a s  t h a t  d i f f e r  g r e a t l y  i n  t h e  p h y s i c a l  c h a r a c t e r  
o f  rocks  and s o i l s  show s i g n i f i c a n t  morphologic d i f f e r e n c e s ,  a s  t h e  
e r o d i b i l i t y  o f  t h e  s o i l s ,  hydro log ic  c h a r a c t e r  o f  t h e  sys tem,  and t h e  
s i z e  and q u a n t i t y  o f  sediment load  moved from t h e  b a s i n  d i f f e r .  On a  
r e g i o n a l  b a s i s ,  d r a i n a g e  p a t t e r n  i t s e l f  r e f l e c t s  t h e s e  c o n t r o l s .  F o r  
example, d r a i n a g e  d e n s i t y  i s  h igh  i n  a  r e g i o n  of weak rocks  and imperme- 
a b l e  s o i l s  and low f o r  r e s i s t a n t  rocks  and h i g h l y  permeable s o i l s  (Table  
4-2) .  

Tab le  4-2. L i t h o l o g i c  u n i t s ,  Cheyenne River  b a s i n  (from Table  2  
and p .  175,  Hadley and Schwnm, 1961) 

Mean Sediment Drainage 
i n f i l t r a t i o n  y i e l d  d e n s i t y  

S t r a t i g r a p h i c  u n i t s  ( i n / h r )  ( a c r e / f t / s q .  m i l e )  ( m i l e s / s q .  m i l e )  

Wasatch Format ion 9 . 2  
Lance Formation 5 . 0  
F o r t  Union Format ion 1 . 3  
P i e r r e  S h a l e  1 . 0  
White River  group 0 .18  

A s  impor tan t  a s  l i t h o l o g y  i s  t o  e r o s i o n  and sediment  t r a n s p o r t ,  
r e l a t i v e l y  l i t t l e  can be s a i d  o t h e r  t h a n  t h a t  weak rocks  e r o d e  r a p i d l y  
and r e s i s t a n t  rocks  e rode  s lowly .  A d i f f i c u l t y  i s  t h a t ,  f o r  most 
s t u d i e s  o f  sediment  y i e l d ,  t h e  d a t a  have n o t  been s t r a t i f i e d  g e o l o g i c a l -  
l y .  F o r  example, F i g u r e  4-2 shows a  s t a t i s t i c a l l y  s i g n i f i c a n t  r e l a t i o n  
between d r a i n a g e  b a s i n  s l o p e  and sediment y i e l d .  However, morphology i s  
n o t  t h e  o n l y  s i g n i f i c a n t  c o n t r o l .  Bas ins  u n d e r l a i n  b y  s h a l e s  and s i l t -  
s t o n e s  p l o t  h i g h  and t h o s e  u n d e r l a i n  by sands tone  and conglomerates  p l o t  
low (F igure  4-2) .  Another v a r i a b l e  i s  i n f i l t r a t i o n  c a p a c i t y .  Weak 
rocks  t h a t  produce sandy s o i l s  w i t h  a  h i g h  i n f i l t r a t i o n  c a p a c i t y  produce 
l e s s  runof f  and t h e r e f o r e  l i t t l e  sediment (Table  4 -2) .  T h e r e f o r e ,  t h e r e  
i s  major l i t h o l o g i c  c o n t r o l  o f  t h e  r e l a t i o n  of F i g u r e  4-2.  

Cl imate  ( V a r i a b l e  4) 

Geomorphologists  assume t h a t  c l i m a t e  and c l i m a t e  change e f f e c t s  a r e  
4 .  r e f l e c t e d  i n  e r o s i o n a l  and d e p o s i t i o n a l  p r o c e s s e s  and u l t i m a t e l y  i n  t h e  

l andscape .  F o r  example, morphocl imat ic  r e g i o n s  have been i d e n t i f i e d  



wherein t h e  c l i m a t e  de te rmines  t o  a  s i g n f i c a n t  e x t e n t  b o t h  t h e  e f f i c i e n -  
cy and t y p e  of e r o s i o n  p r o c e s s  and t h e  r e s u l t i n g  landforms ( S t o d d a r t ,  
1969 and Wilson,  1968) b u t  t h e r e  is  no q u a n t i t a t i v e  d e s c r i p t i o n  of t h e s e  
supposed d i f f e r e n c e s .  However, t h e  e f f e c t s  o f  t h e  g r e a t l y  d i f f e r e n t  
r i v e r  f low regimes exper ienced  throughout  t h e  world (Parde ,  1964 and 
Beck insa le ,  1969) and t h e  d i f f e r e n t  t y p e s  of sediments  provided by 
t r o p i c a l  a s  compared t o  s e m i a r i d ,  a r c t i c ,  and a r i d  rock wea ther ing  a r e  
d e t e c t a b l e .  For  example, comparison of t h e  h y d r a u l i c  geometry of peren-  
n i a l  s t r eams  o f  humid and subhumid r e g i o n s  w i t h  t h a t  o f  ephemeral  
s t reams  of semiar id  reg ions  shows t h a t ,  i n  c o n t r a s t  t o  t h e  c a s e  of 
p e r e n n i a l  s t r e a m s ,  dep th  of ephemeral s t reams  i n c r e a s e s  l e s s  r a p i d l y  and 
g r a d i e n t  d e c r e a s e s  l e s s  r a p i d l y  i n  a  downstream d i r e c t i o n .  T h i s  prob- 
a b l y  i s  due t o  t h e  h igh  wate r  l o s s  i n  ephemeral s t ream channe l s  and t o  
t h e  i n c r e a s e  i n  suspended sediment c o n c e n t r a t i o n  i n  a  downstream d i r e c -  
t i o n  (Leopold e t  a l . ,  1964, Tab le  7-5).  I n  a d d i t i o n ,  obvious d i f f e r -  
ences i n  t h e  morphology of s l o p e s  o f  d i f f e r e n t  a s p e c t ,  n o r t h  compared 
wi th  s o u t h ,  f o r  example, a r e  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  m i c r o c l i m a t i c  
c h a r a c t e r  of t h e  v a l l e y  s i d e s .  

Vege ta t ion  ( V a r i a b l e  5 )  

There can be no q u e s t i o n  of t h e  h i g h l y  s i g n i f i c a n t  e f f e c t  of 
v e g e t a t i o n  on landforms and e r o s i o n  r a t e s .  I n  t h e  Uni ted S t a t e s  vege ta -  
t i o n a l  bu lk  o r  weight  i n c r e a s e s  approximately  a s  t h e  cube o f  mean annual  
p r e c i p i t a t i o n  (Langbein and Schumrn, 1958) and a  s i g n i f i c a n t  r e d u c t i o n  i n  
e r o s i o n  and sediment  y i e l d  can be a n t i c i p a t e d  a s  p r e c i p i t a t i o n  i n c r e a s e s  
o r  a s  v e g e t a t i o n  i n c r e a s e s  i n  a  g iven  c l i m a t i c  s i t u a t i o n .  F i g u r e  4-3 
shows such a  r e l a t i o n  from an exper imenta l  a r e a  i n  Utah.  The r e l a t i o n -  
s h i p  i s  e x p o n e n t i a l  and an e x t r a p o l a t i o n  of t h e  c u r v e  i n d i c a t e s  a  maxi- 
mum of  50,000 pounds p e r  a c r e  o f  e r o s i o n  w i t h  z e r o  ground cover .  
However, t h e r e  i s  no reason  t o  b e l i e v e  t h a t  t h i s  v a l u e  w i l l  b e  ach ieved .  
Although i n  F i g u r e  4-3 a n  asympto t ic  approach t o  t h e  y  a x i s  i s  i n d i -  
c a t e d  by t h e  r a p i d  i n c r e a s e  of e r o s i o n  and s m a l l  p e r c e n t a g e s  of ground 
cover ,  t h e r e  i s  a  maximum r a t e  of e r o s i o n  f o r  a  g iven  s o i l  o r  rock t y p e  
t h a t  must be  reached b e f o r e  ground cover i s  z e r o .  The curve  would 
p l a t e a u  a t  t h a t  v a l u e  a s  t h e  dashed l i n e  s u g g e s t s .  I f  t h i s  i s  t r u e ,  
t h e n  F i g u r e  4-3 s u g g e s t s  t h a t  w i t h  l e s s  t h a n  approximately  8.0 p e r c e n t  
cover v e g e t a t i o n  i s  probably  r e l a t i v e l y  i n e f f e c t i v e  i n  c o n t r o l l i n g  
e r o s i o n .  On t h e  o t h e r  hand, above abou t  70 p e r c e n t  c o v e r ,  a d d i t i o n a l  
v e g e t a t i o n  w i l l  n o t  s i g n i f i c a n t l y  reduce e r o s i o n .  These l imits  t o  
v e g e t a t i o n a l  e f f e c t i v e n e s s  f o r  e r o s i o n  c o n t r o l  shou ld  be g i v e n  con- 
s i d e r a t i o n  b e f o r e  expensive  a t t e m p t s  a r e  made t o  s l i g h t l y  improve 
v e g e t a t i o n a l  cover  on t h e  d r y l a n d s .  The above d i s c u s s i o n  i s  ,based on 
t h e  assumption t h a t  a  t h r e s h o l d ,  above which v e g e t a t i o n a l  cover  becomes 
impor tan t  f o r  e r o s i o n  c o n t r o l ,  e x i s t s .  

Hydrology (Var iab les  7 and 10) 

A l l  p r e v i o u s l y  d i s c u s s e d  v a r i a b l e s  s i g n i f i c a n t l y  c o n t r o l  runof f  and 
sediment y i e l d  from Zone 1, which i n  t u r n  g r e a t l y  i n f l u e n c e  Zones 2 and 
3 .  I n  t h i s  s e c t i o n  t h e  p roduc t s  of Zone 1 a r e  cons idered  p r i m a r i l y  i n  
r e l a t i o n  t o  c l i m a t i c  c o n t r o l s .  



Grct,t a cover (per-2-'1 

F i g u r e  4-3 .  R e l a t i o n  of eroded s o i l  t o  ground cover  from a n  
exper imenta l  watershed i n  Utah.  Dashed e x t e n s i o n  
o f  curve i s  h y p o t h e t i c a l .  ( A f t e r  Noble,  1965.)  

4 

In any s t u d y  o f  hydro log ic  v a r i a b l e s  o n l y  modern r e c o r d s  can be  
u t i l i z e d  and many of  t h e s e  a r e  of s h o r t  d u r a t i o n .  I n  a d d i t i o n ,  r e c o r d s  
of s t ream d i s c h a r g e  a r e  f a r  more abundant t h a n  r e c o r d s  of sediment  
l o a d s .  T h e r e f o r e ,  much more i s  known concern ing  runof f  t h a n  sediment  
movement. 

Runoff 

Runoff i s  t h e  p r e c i p i t a t i o n  t h a t  appears  i n  s u r f a c e  s t r e a m s .  I t  i s  
t h e r e f o r e  w a t e r  t h a t  p l a y s  t h e  p r i n c i p a l  r o l e  i n  f a s h i o n i n g  and modify- 
i n g  t h e  f l u v i a l  l andscape .  

Langbein e t  a l .  (1949) used d a t a  from gag ing  s t a t i o n s  a t  which 
d i s c h a r g e  was n o t  m a t e r i a l l y  a f f e c t e d  by d i v e r s i o n s  o r  r e g u l a t i o n s  t o  
i l l u s t r a t e  t h e  g e n e r a l  r e l a t i o n  between c l i m a t e  and runof f  ( F i g u r e  4 -4) .  
The p o s i t i o n  o f  each  o f  t h e  curves  depends on mean annua l  t e m p e r a t u r e  
which was a d j u s t e d  t o  remove s e a s o n a l  r a i n f a l l  on runof f  e f f e c t s .  F o r  
example, a  g iven  amount o f  p r e c i p i t a t i o n  y i e l d s  less runof f  d u r i n g  
warmer months t h a n  d u r i n g  coo l  months. 

The f a m i l y  o f  curves  shows t h a t  when annua l  p r e c i p i t a t i o n  
i n c r e a s e s ,  annua l  runof f  i n c r e a s e s  and a s  t e m p e r a t u r e  i n c r e a s e s  w i t h  
c o n s t a n t  p r e c i p i t a t i o n ,  runof f  d e c r e a s e s .  These r e l a t i o n s  a r e  s t r a i g h t -  
forward and need no e l a b o r a t i o n .  

Sediment Y i e l d  

Sediment y i e l d  i s  t h e  t o t a l  amount of sediment  moved from a  
d r a i n a g e  b a s i n .  It i s  u s u a l l y  c a l c u l a t e d  from measurements of sediment  



F i g u r e  4-4. The e f f e c t  of average t empera tu re  on t h e  r e l a t i o n  between 
mean annua l  runoff  and mean annua l  p r e c i p i t a t i o n .  ( A f t e r  
Langbein e t  a l . ,  1949.)  

c o n c e n t r a t i o n  i n  a  s t ream t h a t  does n o t  i n c l u d e  bed l o a d ,  o r  from t h e  
amount of sediment d e p o s i t e d  i n  a  r e s e r v o i r  t h a t  i s  a  measure of t o t a l  
sediment l o a d .  

Langbein and Schumm (1958, F i g u r e  4-2) d e f i n e  t h e  r e l a t i o n  between 
annua l  sediment y i e l d  and annual  p r e c i p i t a t i o n  f o r  d r a i n a g e  b a s i n s  
averag ing  abou t  1500 square  m i l e s  i n  t h e  conterminous Uni ted S t a t e s  a t  
a n  annual  mean tempera tu re  of 50°F (F igure  4 - 5 ) .  Although p r e c i p i t a t i o n  
i s  t h e  dominant c l i m a t i c  f a c t o r  i n f l u e n c i n g  sediment y i e l d s ,  t empera tu re  
e f f e c t s  needs t o  be cons idered  because  more p r e c i p i t a t i o n  is  r e q u i r e d  t o  
produce a  g iven  amount of runoff  i n  a  warm c l i m a t e  t h a n  i n  a  c o o l  c l i -  
mate .  The curve  of F i g u r e  4-5, t h e r e f o r e ,  i s  t h e  r e l a t i o n s h i p  between 
sediment y i e l d  and p r e c i p i t a t i o n  a d j u s t e d  t o  an  annual  mean tempera tu re  
of 50°F (Langbein and Schumm, 1958, p .  1076) .  The d e f i n i t i o n  o f  t h e  
50°F curve i s  based on.known v a l u e s  of runof f  f o r  each  d r a i n a g e  b a s i n  
from which t h e  sed iment -y ie ld  d a t a  were o b t a i n e d .  These observed v a l u e s  
of runof f  were conver ted t o  a n  " e f f e c t i v e  p r e c i p i t a t i o n , "  o r  t h e  annual  
p r e c i p i t a t i o n  r e q u i r e d  t o  produce t h e  known runof f  a t  50°F by u s e  o f  t h e  
50°F r a i n f a l l / r u n o f f  curve o f  F i g u r e  4-4. For  example, i f  t h e  mean 
annual  runof f  from a  d r a i n a g e  b a s i n  i s  10 i n c h e s  a t  a  mean annua l  tem- 
p e r a t u r e  of 50°F, t h e  e f f e c t i v e  p r e c i p i t a t i o n  r e q u i r e d  t o  produce t h i s  
runoff  i s  about  33 i n c h e s .  To produce t h e  same runof f  a t  60°F about  39 
inches  o f  p r e c i p i t a t i o n  i s  r e q u i r e d .  

B g loo' pIw.tjr shrub ..A FUed 1. I 

F i g u r e  4-5. V a r i a t i o n  o f  sediment  y i e l d  w i t h  c l i m a t e  a s  based  on d a t a  
from smal l  watersheds  i n  t h e  Uni ted S t a t e s .  (From Langbein,  
W.  B .  and Schumm, S .  A . ,  1958) .  



The sediment y i e l d  curve r evea l s  t h a t  a t  50°F sediment y i e l d  i s  a  
maximum of approximately 12 inches of p r e c i p i t a t i o n ,  and then  decreases  
wi th  l e s s e r  and g r e a t e r  amounts of p r e c i p i t a t i o n .  This  v a r i a t i o n  i n  
sediment y i e l d  with p r e c i p i t a t i o n  can be explained by t h e  i n t e r a c t i o n  of 
p r e c i p i t a t i o n  and vege ta t ion  on runoff and e ros ion .  A s  p r e c i p i t a t i o n  
inc reases  above ze ro ,  sediment y i e l d s  i nc rease  r a p i d l y  because more 
runoff i s  a v a i l a b l e  t o  move sediment. Opposing t h i s  t rend  i s  vege ta t ion  
t h a t  becomes more abundant a s  p r e c i p i t a t i o n  i n c r e a s e s .  Above 12 inches 
of p r e c i p i t a t i o n  sediment-yield r a t e s  decrease under t h e  in f luence  of 
t h e  more e f f e c t i v e  grass  and f o r e s t  cover.  However, where monsoonal 
c l imates  p r e v a i l ,  sediment-yield r a t e s  may inc rease  aga in  above 50 
inches of p r e c i p i t a t i o n  under t h e  inf luence  of h ighly  seasonal  c l ima te s  
(Fournier ,  1949). 

4 .3  DRAINAGE BASIN MORPHOLOGY 

Geomorphologists a r e  f o r t u n a t e  i n  t h a t  t h e  o b j e c t  of s tudy  i s  
e n t i r e l y  exposed t o  s c r u t i n y .  Unlike geo log i s t s  who must draw conclu- 
s ions  about form and c h a r a c t e r i s t i c s  of sedimentary u n i t s  based on only  
l i m i t e d  exposures ,  geomorphologists s e e  landforms on t h e  s u r f a c e  d i s -  
played f o r  complete desc r ip t ion .  Therefore,  he can use s tandard  s t a t i s -  
t i c a l  sampling techniques t o  o b t a i n  a  q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  
landforms. These techniques have been u t i l i z e d  most. s i g n i f i c a n t l y  i n  
t h e  s tudy  of dra inage  bas ins  and t h e i r  components. 

A d ra inage  bas in  o r  watershed i s  simply t h e  a r ea  t h a t  ga the r s  water  
from p r e c i p i t a t i o n  and d e l i v e r s  it t o  a  l a r g e r  s t ream, l a k e ,  o r  ocean. 
I t  i s  an  a rea  l imi t ed  by a  drainage d iv ide  and occupied by a  drainage 
network. Drainage bas ins ,  t h e r e f o r e ,  a r e  t h e  components of con t inen t s  
and a r e  of a l l  s i z e s .  For example, t h e  Mis s i s s ipp i  River  drainage b a s i n  
i s  a  h i e ra rchy  of drainage bas ins ,  t h e  l a r g e s t  of which i s  t h e  
Mississippi-Ohio-Missouri River system, one of t he  l a r g e s t  r i v e r  systems 
on e a r t h ,  and t h e  sma l l e s t  i s  a  s i n g l e ,  small  unbranched badland t r i b u -  
t a r y  loca t ed  i n  t h e  Missouri River  bas in .  

Drainage bas in  i s  a  convenient u n i t  of t h e  landscape because it can 
be def ined  a t  any c ros s  s e c t i o n  along a  r i v e r .  Above t h a t  c r o s s  s e c t i o n  
t h e  upstream drainage bas in  supp l i e s  water and sediment .to t h e  c r o s s  
s e c t i o n .  

If drainage bas in  and channel morphology a r e  c l o s e l y  r e l a t e d  t o  t h e  
c l i m a t i c  and hydrologic  cha rac t e r  of t h e  bas in ,  then it i s  necessary t o  
desc r ibe  the  drainage bas in  q u a n t i t a t i v e l y  i n  o rde r  t o  r e l a t e  t h e  geo- 
morphic cha rac t e r  t o  t h e  c l ima t i c  and hydrologic  c h a r a c t e r  of t h e  water- 
shed and f o r  t h i s  reason,  among o t h e r s ,  numerous d e s c r i p t o r s  of b a s i n  
morphology have been developed. 

~ o r ~ h o m e t r i c  Analysis 

The q u a n t i t a t i v e  d e s c r i p t i o n  of a  drainage b a s i n  i s  r e f e r r e d  t o  a s  
morphometric a n a l y s i s ,  and before  we can proceed t o  a  d i scuss ion  of t h e  

h reason f o r  c e r t a i n  watershed c h a r a c t e r i s t i c s  and i t s  response t o  change, 
t h e  b a s i n  and c e r t a i n  c r i t i c a l  components of t h e  watershed must be 
descr ibed .  Obviously, drainage bas ins  a r e  extremely complex u n i t s  of 
t he  e a r t h s  su r f ace ,  being composed of d i v i d e s ,  h i l l s l o p e s ,  t e r r a c e s ,  
f l oodp la ins  and channels ,  each of which can be inves t iga t ed  s e p a r a t e l y .  



From t h e  a i r  t h e  most c h a r a c t e r i s t i c  f e a t u r e  o f  a  d r a i n a g e  b a s i n  i s  i t s  
d r a i n a g e  network which i s  d i s p l a y e d  i n  a  v a r i e t y  of p a t t e r n s  and 
t e x t u r e s .  On t h e  ground t h e  o b s e r v e r  i s  more impressed w i t h  t h e  
c h a r a c t e r i s t i c s  o f  t h e  v a l l e y - s i d e s '  s l o p e s .  N e v e r t h e l e s s ,  t h e  char-  
a c t e r  of t h e  d r a i n a g e  network i s  impor tan t  because  it can b e  used t o  
i n t e r p r e t  geo log ic  c o n d i t i o n s  r e s p o n s i b l e  f o r  c e r t a i n  p a t t e r n s ,  and i n  
a d d i t i o n ,  t h e  t e x t u r e  o f  t h e  p a t t e r n  is  c o n t r o l l e d  by and has  an i n f l u -  
ence on t h e  hydrology of t h e  d r a i n a g e  b a s i n .  I n  f a c t ,  d e t a i l e d  s t u d y  of 
d r a i n a g e  b a s i n  morphology was g iven  impetus by a  paper  by h y d r o l o g i s t  
Robert  E .  Horton (1945) .  H i s  paper  demonstra ted t h a t  t h e  d r a i n a g e  b a s i n  
and d r a i n a g e  network could  be d i s s e c t e d  and t h e  components s t u d i e d ,  
accord ing  t o  a s t ream-order  numbering system.  F i g u r e  4-6 shows a  t h i r d -  
o r d e r  d r a i n a g e  network w i t h  each  channel  segment o r  l i n k  i d e n t i f i e d  by a  
number. Note t h a t  i n  t h e  Horton method (F igure  4-6a) t h e  h i g h e s t  o r d e r  
channel  ex tends  from t h e  b a s i n  mouth t o  t h e  uppermost t r i b u t a r y ,  whereas 
i n  t h e  S t r a h l e r  system (F igure  4-6b) t h e  t h i r d - o r d e r  number i s  a p p l i e d  
t o  t h e  e n t i r e  b a s i n  b u t  on ly  t o  t h e  lowermost l i n k .  The Shreve magni- 
t u d e  numbering scheme (Figure  4-6c) i s  a l s o  shown. The S t r a h l e r  and 
Shreve c l a s s i f i c a t i o n s  a r e  t h e  most f r e q u e n t l y  used i n  t h e  a n a l y s i s  of 
d r a i n a g e  networks today .  I t  shou ld  be noted t h a t  n o t  on ly  t r i b u t a r i e s  
a r e  numbered b u t  a l s o  segments and l i n k s  o f  t h e  main channe l s .  Hence, 
one can speak of a  second o r d e r  d r a i n a g e  b a s i n  and of second o r d e r  
l i n k s .  

Horton and o t h e r s  have s t u d i e d  t h e  network components and r e l a t i o n s  
were e s t a b l i s h e d  between s t ream o r d e r  number and f requency o r  number of 
s t reams  of each o r d e r  and l e n g t h  g r a d i e n t s  and d r a i n a g e  a r e a  o f  s t reams  
of each o r d e r  (F igure  4 -7) .  F i g u r e  4-6 should convince t h e  o b s e r v e r  
t h a t  t h e r e  a r e  more f i r s t - o r d e r  s t reams  t h a n  any o t h e r  o r d e r  and t h a t  
t h e  f i r s t - o r d e r  s t reams  on t h e  average a r e  s h o r t e r  and occupy s m a l l e r  
d r a i n a g e  b a s i n s .  I t  has  a l s o  been demonstra ted t h a t  s t ream d i s c h a r g e  
i n c r e a s e s  s y s t e m a t i c a l l y  w i t h  o r d e r  number (F igure  4-8) .  These r e l a -  
t i o n s  i n d i c a t e  t h a t  t h e  d r a i n a g e  network h a s  developed i n  response  t o  
t h e  e r o s i v e  f o r c e s  a c t i n g  on t h e  e r o d i b l e  m a t e r i a l s  compris ing t h e  
d r a i n a g e  b a s i n .  The r e s u l t  i s  a  d r a i n a g e  p a t t e r n  w i t h  c h a r a c t e r i s t i c s  
t h a t  can be r e l a t e d  t o  e r o d i b i l i t y  of m a t e r i a l  compris ing t h e  d r a i n a g e  
b a s i n  a s  w e l l  a s  c l i m a t i c  and h y d r o l o g i c  c o n t r o l s .  

The geomdrphologist  i s  l i m i t e d  o n l y  by h i s  i n g e n u i t y  i n  deve lop ing  
measures of d r a i n a g e  b a s i n  morphology ( s e e  Gregory and Wal l ing ,  1973) .  
N e v e r t h e l e s s ,  a  problem f r e q u e n t l y  a r i s e s  a s  t o  t h e  accuracy  o f  t h e  
r e q u i r e d  d a t a  t h a t  a r e  ob ta ined  from maps, a e r i a l  pho tographs ,  and 
measurements i n  t h e  f i e l d .  

F i e l d  work i s  o f t e n  t e d i o u s  and can be expens ive  and t ime 
consuming, b u t  t h e r e  can b e  no s u b s t i t u t e  f o r  it. Drainage d e n s i t y  is  
an impor tan t  measure o f .  t h e  t e x t u r e  of t h e  topography, and y e t  g r e a t  
c a r e  must be  t aken  when measurements of d r a i n a g e  d e n s i t y  a r e  o b t a i n e d  
from maps and photographs .  For  example, d u r i n g  t h e  p r e p a r a t i o n  o f  
topograph ic  maps c a r t o g r a p h e r s  r a r e l y  unders tand o r  a p p r e c i a t e  t h e  needs 
of t h e  geomorphologis t .  T h e r e f o r e ,  t h e  d r a i n a g e  network t h a t  i s  shown 
by b l u e  l i n e s  on topograph ic  maps a r e  n o t  a  t o t a l  r e p r e s e n t a t i o n  o f  t h a t  
network.  The b l u e  l i n e s  on topograph ic  maps i n  many c a s e s  d e s i g n a t e  
s t reams  t h a t  c o n t a i n e d  wate r  when t h e  a e r i a l  photographs  were t a k e n .  I t  
i s  unders tandab le  t h a t  depending on t h e  time of y e a r ,  t h e  l e n g t h  o f  b l u e  
l i n e s  on a  topograph ic  map w i l l  v a r y .  



(a) HORTON'S STREAM ORDERS 

(b)  STRAHLER'S STREAM ORDERS (c) SI-~REVE;S STREAM 

MAGNITUDE (M) 

4 F i g u r e  4-6. Comparison of s t ream o r d e r i n g  systems.  



Figure 4-7a. Rela t ion  of number of s t reams of each  Figure  4-7b. Re la t ion  of mean b a s i n  a r e a ,  mean 
o rde r  t o  o rde r  number 1) P e r t h  Arnboy, s t ream l e n g t h ,  and mean s tream g r a d i e n t  
2) Chileno Canyon, 3)  Hughesvi l le  a r e a .  t o  stream o r d e r .  



F i g u r e  4-8. Discharge  a s  r e l a t e d  t o  p r o p o r t i o n a l  s t r e a m  o r d e r  and 
f requency o f  o c c u r r e n c e .  (From S t a l l  and Fok, 1968.) 

A s t u d y  by t h e  U.S .  Geo log ica l  Survey r e v e a l e d  t h a t  when f o u r  
c a r t o g r a p h i c  e n g i n e e r s  were i n s t r u c t e d  t o  measure d r a i n a g e  d e n s i t y  t h e y  
produced measured v a l u e s  of d r a i n a g e  d e n s i t y  from 2 . 3  t o  5 . 8 .  When f o r  
t h e  same a r e a  s p e c i a l  maps o f  t h e  a r e a  were p r e p a r e d ,  it was d i s c o v e r e d  
t h a t  d r a i n a g e  d e n s i t y  o f  p e r e n n i a l  s t r eams  was 3.42 and t o t a l  d r a i n a g e  
d e n s i t y  was 10.31 (F igure  4 -9) .  I t  i s  a p p a r e n t  t h a t  some c a r t o g r a p h e r s  
were measuring o n l y  p e r e n n i a l  s t r eams  o r  w e t  channe l s  and o t h e r s  were 
a t t e m p t i n g  t o  measure n o t  o n l y  t h e  p e r e n n i a l  b u t  a l s o  t h e  d r y  ephemeral-  
s t r eam channe l s  w i t h i n  t h e  d r a i n a g e  b a s i n .  Th is  s t u d y  emphasizes t h e  
danger  of a t t e m p t i n g  t o  use  topograph ic  maps a l o n e  t o  s t u d y  of d r a i n a g e  
b a s i n  morphology. 

The a b i l i t y  t o  s t u d y  d r a i n a g e  b a s i n s  on maps and photographs  
depends t o  a l a r g e  e x t e n t  on t h e  t e x t u r e  o f  topography.  T e x t u r e  i s  
s imply t h e  c o a r s e n e s s  o r  f i n e n e s s  o f  d i s s e c t i o n  of t h e  d r a i n a g e  network.  
Drainage d e n s i t y  v a r i e s  from v a l u e s  of l e s s  t h a n  one t o  v a l u e s  i n  e x c e s s  
of a  thousand i n  ex t remely  f i n e - t e x t u r e d  badland a r e a s  where e r o s i o n  i s  
v e r y  r a p i d .  The d i f f i c u l t y  of comparing d r a i n a g e  d e n s i t y  v a r i a t i o n  f o r  
a r e a s  o f  d i f f e r e n t  l i t h o l o g y  i s  brought  o u t  c l e a r l y  i n  F i g u r e  4-10 t h a t  
shows change i n  d r a i n a g e  d e n s i t y  values t h a t  a r e  o b t a i n e d  a s  photograph 

4 and map s c a l e  changes .  Measurements o f  b a s i n s  u n d e r l a i n  by g r a n i t e  and 
sands tone  show r e l a t i v e l y  minor and perhaps  i n s i g n i f i c a n t  changes i n  



(a )  Elaovrr Ruin Creak arao 

Figure 4-9. Yellow Creek a r ea ;  a )  pe renn ia l  s t reams,  b )  pe renn ia l  and 
ephemeral streams. 

F igure  4-10. Graph showing r e l a t i o n  of s c a l e  of photographs t o  
drainage d e n s i t y  of s e v e r a l  d i f f e r e n t  rock types .  
(From Ray and F i s h e r ,  1960.) 

drainage d e n s i t y  a s  t h e  photographs s c a l e  changes from 1/10,000 t o  
1/70,000 compared wi th  drainage bas in s  formed on s h a l e  t h a t  show 



s i g n i f i c a n t  decrease  i n  drainage dens i ty .  Hence, comparisons of 
f i n e - t e x t u r e d .  topography should be made on photographs o r  maps of 
s i m i l a r  s c a l e .  

The preceding d i scuss ion  was meant a s  a  warning t o  those  who use  
morphometric d a t a .  Remember t h a t  f o r  some important  d e s c r i p t o r s ,  such 
a s  dra inage  d e n s i t y ,  s u b j e c t i v i t y  and d i f f e rences  of map and photograph 
s c a l e s  may prevent  a  comparison of r e s u l t s  obtained by more than  one 
i n v e s t i g a t o r .  

4 .4  DRAINAGE BASIN DYNAMICS 

I f  a s  noted above, a  drainage b a s i n  and dra inage  network evolve 
wi th  regard t o  c l i m a t i c  and l i t h o l o g i c  c o n t r o l s ,  t hen  t h e r e  should e x i s t  
c l e a r  r e l a t i o n s  between drainage-basin morphology and hydro logic  char-  
a c t e r .  For example, i n  small  drainage bas ins  where land use ,  geology, 
and c l imate  a r e  s i m i l a r  h ighly  s i g n i f i c a n t  r e l a t i o n s  can be e s t a b l i s h e d  
between runoff and sediment y i e l d  from these  bas ins .  I n  F igures  4-11 
and 4-12 such r e l a t i o n s h i p s  a r e  presented f o r  t h e  Cheyenne River  bas in  
i n  Wyoming. As t h e  drainage dens i ty  i nc reases  t h e  dra inage  bas in  i s  
d ra ined  more e f f i c i e n t l y  and t h e r e f o r e ,  t h e  water l eaves  t h e  b a s i n  more 

' r a p i d l y  and i n  g r e a t e r  q u a n t i t i e s .  The g r e a t e r  t h e  r e l i e f  and dra inage  
d e n s i t y ,  t h e  g r e a t e r  t h e  e ros ion  and sediment y i e l d s  w i l l  be .  Re la t ions  
shown i n  F igures  4-11 and 4-12 a r e  good because they  were developed f o r  
small  drainage bas ins  i n  an a rea  of r e l a t i v e l y  uniform c l ima te ,  vegeta-  
t i o n ,  and land use .  A change i n  any of t hese  v a r i a b l e s  throughout t h e  
region would have complicated these  simple geomorphic hydrologic  r e l a -  
t i o n s  cons iderably .  

Another important hydrologic c h a r a c t e r i s t i c  of dra inage  bas ins  t h a t  
may be confusing i s  t h e  inve r se  r e l a t i o n  between sediment y i e l d  pe r  u n i t  
a r ea  and drainage a rea  (Figure 4-13). Obviously t h e  l a r g e r  a  dra inage  
bas in  t h e  more water and sediment i s  de l ive red  from t h e  b a s i n ,  b u t  on a  
u n i t  a r ea  b a s i s  an increase  of drainage a rea  reduces sediment produc- 
t i o n .  This  apparent  anomaly can be explained when t h e  dra inage  b a s i n  i s  
viewed i n  i t s  e n t i r e t y .  Usual ly t h e  upstream p a r t  of t h e  b a s i n  near  t h e  
dra inage  d iv ide  is  t h e  s t e e p e s t  and downstream t h e  v a l l e y  widens, s lopes  
become g e n t l e r ,  and t h e  stream g rad ien t  and dra inage  d e n s i t y  d e c l i n e .  
Hence, more sediment per  u n i t  a r ea  is produced i n  t h e  headwaters and t h e  
oppor tuni ty  f o r  sediment s to rage  inc reases  downstream. This  w i l l  be 
b e t t e r  understood when t h e  evo lu t ion  of a  bas in  through time i s  
considered.  

Morphogenesis 

A s  a h i s t o r i c a l l y  o r i en t ed  sc i ence ,  a  major concern of 
geomorphologists i s  evolu t ion  of landscape and of course ,  t h i s  i nc ludes  
drainage bas in  evo lu t ion .  

The ques t ion  of how t h e  geomorphologist is  t o  o b t a i n  information on 
t h e  e r o s i o n a l  evolu t ion  of drainage bas ins  and evolu t ionary  development 
of dra inage  p a t t e r n s  a r i s e s .  There appear t o  be three.methods t o  accom- 
p l i s h  t h i s .  Both experimental ly  and i n  t h e  f i e l d ,  d e t a i l e d  ' s t ud ie s  of 
rapidly-eroding small  drainage bas ins  ( e . g . ,  badlands) can provide  some 
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Figure 4-12. Relation between sediment yield and relief-length ratio 
for small drainage basins on Fort Union Formation, 
Wyoming. (From Hadley and Schumm, 1961.) 
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F i g u r e  4 - 1 3 .  Sediment y i e l d  d e c r e a s e  w i t h  i n c r e a s e  o f  d r a i n a g e  a r e a  
f o r  b a s i n s  i n  Southwestern  U.S.A. (From S t r a n d ,  1975.)  

in fo rmat ion .  However, i n  t h e  p a s t  t h e  geomorphologis t  has  u s u a l l y  
r e l i e d  on t h e  space  f o r  t ime s u b s t i t u t i o n ,  i n  o t h e r  words,  i n  a  g iven  
a r e a  he  s e l e c t s  a  sequence of landforms t h a t  appear  t o  show e v o l u t i o n a r y  
development and a r r a n g e s  them i n  an  o r d e r  t h a t  p o r t r a y s  such  develop- 
ment. A s t u d y  by Glock o f  d ra inage  p a t t e r n  e v o l u t i o n  i s  a  good example 
(F igure  4 - 1 4 ) .  Glock d i v i d e d  t h e  e v o l u t i o n a r y  p r o c e s s  i n t o .  f i v e  s t a g e s :  
1 )  i n i t i a t i o n ,  t h e  f i r s t  development on a  s t r e a m , p a t t e r n  on a  p r i s t i n e  
s u r f a c e ,  2 )  e l o n g a t i o n ,  t h e  growth of channe l s  i n t o  t h e  a v a i l a b l e  a r e a  
and t h e  b l o c k i n g  o u t  of t h e  network, 3)  e l a b o r a t i o n ,  t h e  f i l l i n g  i n  o f  
t h e  network by t h e  a d d i t i o n  of lower o r d e r  t r i b u t a r i e s ,  4) maximum 
e x t e n s i o n ,  i s  when d r a i n a g e  d e n s i t y  i s  g r e a t e s t  and t h e  d r a i n a g e  network 
complete ly  f i l l s  t h e  a v a i l a b l e  s p a c e ,  and 5) i n t e g r a t i o n  i n v o l v e s  t h e  
l o s s  of i d e n t i t y  of t h e  smal l  o r d e r  s t reams  w i t h  p r o g r e s s i v e  r e d u c t i o n  
of d r a i n a g e  d e n s i t y  through t ime .  G l o c k t s  scheme i s  r e a s o n a b l e  and i n  
f a c t  a t  l e a s t  a  p a r t  o f  it i s  demonstra ted by R u h e t s  s t u d i e s  of d r a i n a g e  
p a t t e r n  o r  developed on till s h e e t s  of d i f f e r e n t  ages i n  Iowa (Figure 
4-15). Comparison of d ra inage  p a t t e r n s  on f o u r  till s h e e t s  show a  r a p i d  
i n c r e a s e  i n  d r a i n a g e  d e n s i t y  and i n  s t ream frequency th rough  time t o  a  
maximum when d r a i n a g e  network growth c e a s e s .  

Another method t o  observe and document d r a i n a g e  network e v o l u t i o n  
i s  by exper imenta l  s t u d i e s  of network e v o l u t i o n .  S e v e r a l  s t u d i e s  o f  
t h i s  t y p e  have been c a r r i e d  o u t  i n  t h e  r a i n f a l l - e r o s i o n  facility (REF) 
a t  Colorado S t a t e  U n i v e r s i t y .  When p r e c i p i t a t i o n  was a p p l i e d  t o  a  
g e n t l y  s l o p i n g  s u r f a c e  composed of two i n t e r s e c t i n g  p l a n e s  t h a t  concen- 
t r a t e d  t h e  r u n o f f ,  a  d e n t r i t i c  d r a i n a g e  p a t t e r n  began t o  deve lop  i n  t h e  



F i g u r e  4-14. An i d e a l  diagrammatic summary of t h e  development of a  
d r a i n a g e  system g iven  f o r  purposes  of comparison o n l y .  
The f i r s t  f o u r  p a r t s  show e x t e n s i o n ,  t h u s :  1) i n i t i a -  
t i o n ,  2) e l o n g a t i o n ,  3) e l a b o r a t i o n ,  and 4) maximum 
e x t e n s i o n .  P a r t s  5 and 6 r e p r e s e n t  s t e p s  d u r i n g  
i n t e g r a t i o n .  

Miles  

F i g u r e  4-15 .  A d r a i n a g e  n e t  on l a n d  s u r f a c e s  of g l a c i a l  d r i f t  c o u n t r y  
i n  nor thwes te rn  Iowa. From Ruhe (1952) ,  by p e r m i s s i o n  of - 

American J o u r n a l  of S c i e n c e .  
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Figure 4-16. Experimental study of drainage network development 
(Parker, 1977). 
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Figure 4-16. Continued. 
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F i g u r e  4-17. Drainage d e n s i t y  change d u r i n g  two exper iments  i n  REF. 
Curve 1 i s  f o r  p a t t e r n  developed on 3 . 2  p e r c e n t  s l o p e  
w i t h  s t a b l e  b a s e l e v e l .  Curve 2 i s  f o r  p a t t e r n  developed 
on 0.75 p e r c e n t  s l o p e  w l t h  b a s e l e v e l  lower ing  p r i o r  t o  
beg inn ing  of exper iment  ( a f t e r  P a r k e r ,  1976) .  Time i s  
expressed  a s  a  pe rcen tage  of t h e  t o t a l  wa te r  a p p l i e d  t o  
t h e  REF d u r i n g  exper iment  1 (curve  1 ) .  
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F i g u r e  4-18. Sediment-yie ld  v a r i a t i o n s  d u r i n g  e x p e r i m e n t a l  d r a i n a g e  
b a s i n  e v o l u t i o n  (from P a r k e r ,  1976) .  Mean l i n e s  i s  
based on a  moving mean of 3 p o i n t s  w i t h  an  average  o f  10 
p o i n t s .  Note secondary peaks  a t  abou t  25, 55, 75, and 
100 hours .  



REF (Figure 4-16). As more a r t i f i c i a l  p r e c i p i t a t i o n  was app l i ed  t h e r e  
was a  r ap id  inc rease  i n  dra inage  dens i ty  and stream frequen.cy (Figure 
4-16 a ,  b ,  c ,  d ,  and 4-17) and then maximum extens ion  of t h e  drainage 
network was achieved (Figures  4-17 and 4-16). For t h i s  experiment 
dra inage  d e n s i t y  remained r e l a t i v e l y  cons tan t  f o r  a  cons iderable  time a t  
maximum extens ion .  However, a s  one views the  dra inage  p a t t e r n s  it is  
apparent  t h a t  t h i s  constancy of drainage dens i ty  i s  a  r e s u l t  of dynamic 
change wi th in  t h e  drainage p a t t e r n  i t s e l f  (F igure  4-16 f ,  g ,  h ) .  For 
example, dur ing  t h e  per iod  of cons tan t  drainage d e n s i t y  t h e r e  i s  a  l o s s  
of lower-order t r i b u t a r i e s  i n  the  cen te r  of t he  dra inage  b a s i n  and t h e  
a d d i t i o n  of f i r s t  o rde r  t r i b u t a r i e s  a t  t he  per iphery  of t h e  drainage 
network. So network growth i s  cont inuing a t  t h e  margins of t he  network 
i n  those  a r e a s  of s t e e p e r  s lope  the  o l d e r  i n t e r i o r  po r t ions  of t h e  
network e n t e r  Glock's phase of i n t e g r a t i o n  and channel l o s s  (Figure 4-16 
g ,  h ) .  Erosion begins near  t h e  bas in  o u t l e t  and i n i t i a l l y  t h e r e  i s  very  
high sediment product ion (Figure 4-18). However, t h e  r a t e  of sediment 
y i e l d  decreases  r ap id ly  from t h i s  peak through t ime.  This  i s  p a r t l y  due 
t o  t h e  decreas ing  network growth r a t e  but  a l s o  a s  t h e  main channels 
en large  and v a l l e y s  widen t h e r e  i s  an inc reas ing  oppor tuni ty  f o r  s to rage  
of alluvium i n  t h e  drainage bas in .  Growth of t h e  experimental  d ra inage  
network conforms t o  Glock 's  s tudy and provides an  i n t e r e s t i n g  i n s i g h t  
i n t o  t h e  mechanism of a  drainage b a s i n ,  and it i s  very  much l i k e '  t.he 
expected r e s u l t ' a s  based on Davis '  cyc le  of e ros ion .  

Response 

Discussion of drainage b a s i n  c o n t r o l s  and dra inage  network 
evo lu t ion  r evea l s  t h e r e  is an o r d e r l y  growth p a t t e r n  r e f l e c t i n g  the  
na tu re  of m a t e r i a l s  and t h e  appl ied  e roding  f o r c e s .  During experimental  
s t u d i e s  a  drainage network f i l l e d  t h e  a v a i l a b l e  space and developed a  
drainage d e n s i t y  t h a t  . a t  maximum extens ion  i s  c h a r a c t e r i s t i c  of t h e  
t e r r a i n .  I n  f a c t  when the  inverse  of drainage dens i ty  i s  c a l c u l a t e d  it 
provides  a  measure of a  u n i t  drainage a rea  requi red  t o  main ta in  a  u n i t  
l eng th  of stream channel.  When t h i s  va lue  i s  converted t o  meters a  
f i g u r e  emerges t h a t  i n d i c a t e s  t h e  average dra inage  a rea  requi red  t o  
maintain 1 meter l eng th  of channel.  I n  badlands one square meter i s  
s u f f i c i e n t  b u t  i n  coa r se r  t ex tu red  topography much h igher  va lues  a r e  
r equ i r ed .  This  number i d e a l l y  should be a  cons tan t  f o r  any drainage 
b a s i n  b u t  except  f o r  an e a r l y  s t a g e  of maximum dra inage  development t h i s  
i s  no t  t h e  case  ( e . g .  F igure  4-17). Never the less ,  t h a t  such a  number 
can be determined shows t h e  inf luence  of e a r t h  m a t e r i a l s  involved i n  
network development. This  i s  a l s o  an  explana t ion  f o r  o r d e r l y  dra inage  
p a t t e r n s  and f o r  v a r i a t i o n s  of drainage p a t t e r n s  t h a t  one sees  because 
a s  l i t h o l o g y  changes s o  does t h e  drainage d e n s i t y .  

I t  i s  c l e a r  t h a t  a  n a t u r a l  change such a s  a c l ima te  o r  lowering of 
base l eve l  w i l l  cause bas in  re juvenat ion  and an ex tens ion  of t h e  network 
wi th  an inc rease  of drainage d e n s i t y ,  runof f ,  and sediment y i e l d .  
Reca l l  a l s o  t h e  changes i n  t h e  drainage p a t t e r n s  exemplif ied by expan- 
s ion  and con t r ac t ion  of flow i n  i n t e r m i t t e n t  and ephemeral streams 
dur ing  and fol lowing.  a  storm (Figure 4-9). Man's a c t i v i t i e s  such a s  
lumbering and farming, and the  e f f e c t s  of overgrazing may have t h e  same 
r e s u l t s .  Fo res t  f i r e s  a l s o  -induce s e r i o u s  e ros ion  and dra inage  p a t t e r n  
expansion by d e s t r u c t i o n  of p r o t e c t i v e  v e g e t a t i v e  cover .  



Table 4 - 3 .  Hydrologic and geomorphic da t a  from Cornf ie ld  Wash. 

- ~- - -- - -- 

I n c i s e d  
channel  Mean annual  Mean annual 

Drainage Drainage Re l i e f  dra inage  Texture-slope sediment y i e l d ,  runof f ,  
bas in  a rea  r a t i o ,  d e n s i t y  p roduc t ,  a c r e  f t  p e r  a c r e  f t  p e r  
number sq miles  h/ 1 ZL/ A ZL/Axh/l s q  mile  sq mi le  

1  0 .29  0 .046  5 . 6  0 . 2 6  6 . 8  6 3 . 4  
2  0.87 0.026 2 . 1  0 .055 1 . 7  22 .1  
3  0 . 2 5  0 .036  3 . 0  0 . 1 1  2 . 2  3 6 . 8  
4 1 .18  0.023 0 . 6  0 . 0 1 4  0 . 6  16 .3  
5 1 . 0 4  0 .035 1 . 3  0 .046  0 . 9  20 .5  
9  0 .09  0 .048  3 . 2  0 . 1 5  2 . 8  5 9 . 9  

13 0 . 3 3  0 .043  3 . 1  0 .  1'3 3.7 44.5 



Figure  4-19. 
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s lope  product ( i nc i sed  channel dra inage  dens i  
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F i g u r e  4-20. Re la t ion  between mean annual runoff and t ex tu re - s lope  
product ( incised-channel  drainage d e n s i t y  t imes r e l i e f  
r a t i o )  f o r  Cornfield Wash dra inage  bas ins .  Equation of 
regress ion  l i n e  i s  y =250 x -10. 



The preced ing  s u g g e s t s  t h a t  t h e  e v o l u t i o n a l l y  development o f  a  
d ra inage  b a s i n  and l andscape  w i l l  be complex. Any change i n  an  e x t e r n a l  
v a r i a b l e  such a s  c l i m a t e ,  l a n d  u s e ,  o r  t e c t o n i c s  w i l l  have i t s  e f f e c t  on 
t h e  d r a i n a g e  p a t t e r n .  

An example o f  low d i f f e r e n c e  i n  t h e  e r o s i o n a l  development o f  smal l  
d r a i n a g e  b a s i n s '  i n f l u e n c e  on t h e  hydro log ic  c h a r a c t e r  of t h e s e  b a s i n s  
i s  prov ided  by t h e  C o r n f i e l d  Wash d r a i n a g e  a r e a  i n  New Mexico (Schumm, 
1969) .  

C o r n f i e l d  Wash i s  l o c a t e d  about  55 m i l e s  west  of Albuquerque i n  t h e  
Rio Puerco d r a i n a g e  b a s i n .  I t  has  a  d r a i n a g e  a r e a  of 2 1 . 3  s q  m i l e s  
which r e c e i v e s  abou t  11 i n c h e s  of p r e c i p i t a t i o n  a n n u a l l y .  I t  i s  a 
g r a s s l a n d  u n d e r l a i n  by h o r i z o n t a l  s h a l e s  and sands tones  o f  t h e  Menefee 
fo rmat ion  of l a t e  Cretaceous  Age. Twelve e a r t h f i l l e d  dams were 
c o n s t r u c t e d  i n  t h e  a r e a  d u r i n g  1950, and runof f  and sediment y i e l d  have 
been measured i n  t h e  r e s e r v o i r s .  Subsequent ly  o t h e r  dams were 
c o n s t r u c t e d  w i t h i n  f i v e  o f  t h e s e  twelve b a s i n s .  T h e r e f o r e ,  t h e  r e c o r d s  
of on ly  seven  b a s i n s  a r e  comparable and w i l l  be  cons idered  h e r e .  I n  
Table  4-4 hydro log ic  d a t a  c o l l e c t e d  d u r i n g  10 y e a r s  o f  r e c o r d  (1951-60) 
a r e  p r e s e n t e d  w i t h  some geomorphic v a r i a b l e s  t h a t  have been found u s e f u l  
i n  d e s c r i b i n g  morphology of smal l  d ra inage  systems.  

Sediment y i e l d  i s  c l o s e l y  r e l a t e d  t o  runof f  f o r  t h e  C o r n f i e l d  Wash 
b a s i n s  and bo th  a r e  r e l a t e d  t o  geomorphic v a r i a b l e s .  R e l i e f  r a t i o ,  
( r e l i e f  of a  d r a i n a g e  b a s i n  d i v i d e d  by l e n g t h )  i s  a s imple  d e s c r i p t i v e  
parameter  t h a t  can be c a l c u l a t e d  by u s i n g  a  map o r  a e r i a l  photographs  
and a n  a l t i m e t e r .  

Drainage d e n s i t y  ( t o t a l  l e n g t h  o f  s t ream channe l s  d i v i d e d  b y  
d ra inage  a r e a )  has  b e e n . r e l a t e d  t o  mean annua l  runof f  f o r  s m a l l  d r a i n a g e  
b a s i n s  i n  Wyoming. I n  t h e  Wyoming s t u d y  t h e  l e n g t h s  of a l l  d r a i n a g e  
l i n e s  were measured,  b u t  a t  C o r n f i e l d  Wash o n l y  t h e  l e n g t h s  o f  i n c i s e d  
channels  were measured (F igure  4-11) .  

Both inc i sed-channe l  d r a i n a g e  d e n s i t y  and r e l i e f  r a t i o  a r e  
s i g n i f i c a n t l y  r e l a t e d  t o  runof f  and sediment y i e l d  from t h e  seven s m a l l  
d r a i n a g e  b a s i n s  (Table  4-3) b u t  a  b e t t e r  c o r r e l a t i o n  i s  o b t a i n e d  by 
p l o t t i n g  t h e  p r o d u c t  of d r a i n a g e  d e n s i t y  and r e l i e f  r a t i o  a g a i n s t  t h e  
hydro log ic  v a r i a b l e s .  Inc i sed-channe l  d r a i n a g e  d e n s i t y  r e f l e c t s  t h e  
t e x t u r e  o f  d i s s e c t i o n  o r  e f f i c i e n c y  of t h e  d r a i n a g e  network.  When t h i s  
v a r i a b l e  i s  combined w i t h  b a s i n  s l o p e  ( r e l i e f  r a t i o )  b o t h  t h e  g r a v i t a -  
t i o n a l  e f f e c t s  on t h e  d r a i n a g e  system and e f f i c i e n c y  of t h e  d r a i n a g e  
system a r e  combined t o  p rov ide  a  geomorphic t e x t u r e - s l o p e  index  w i t h  
dimensions of l e n g t h  (L/L x L / L ~  = l / L ) .  When t h i s  index  i s  p l o t t e d  
a g a i n s t  sediment y i e l d s  and r u n o f f ,  which a r e  b o t h  expressed  a s  a  volume 
p e r  u n i t  a r e a  { L ~ / L ~  = L ) ,  d i r e c t  c o r r e l a t i o n s  a r e  o b t a i n e d  (F igures  
4-19 and 4-20) .  

I n  a d d i t i o n  t o  p r o v i d i n g  a  means of e s t i m a t i n g  average  runof f  and 
sediment y i e l d  r a t e s  from s m a l l  watersheds  on t h e  Menefee Format ion of 
n o r t h e r n  New Mexico, t h e  r e l a t i o n s  between geomorphic and h y d r o l o g i c  
v a r i a b l e s  p rov ide  a  ready means f o r  d e l i n e a t i o n  of h igh  sediment  produc- 
i n g  a r e a s  w i t h i n  a  l a r g e r  d r a i n a g e  system.  For  example,  i f  it is  
n e c e s s a r y  w i t h  l i m i t e d  means t o  p r e v e n t  a s  much sediment  a s  p o s s i b l e  



from leaving  t h e  a r e a ,  dams could be constructed on channels d r a i n i n g  
from bas ins  t h a t  have both a  high r e l i e f  r a t i o  and a  h igh  inc i sed -  
channel d e n s i t y  (high t ex tu re - s lope  product)  e .g .  Basins  1, 3 ,  9 ,  and 13 
(Table 4-3) .  

On t h e  o t h e r  hand i f  a  s tock  water supply i s  r equ i r ed ,  a  dra inage  
bas in  t h a t  provide moderate runoff b u t  low sediment y i e l d  could be 
s e l e c t e d  (low tex ture-s lope  product ) .  For example, t h e  r e l i e f  r a t i o s  of 
Basins 2 and 4 a r e  almost i d e n t i c a l ,  bu t  Basin 4 (Table 4 - 3 )  has a  low 
incised-channel  dens i ty  and a  low sediment y i e l d ,  conversely,  b a s i n  2 
has a  t h ree - fo ld  g r e a t e r  incised-channel  drainage d e n s i t y ,  and t h e  
tex ture-s lope  product  i s  four  times g r e a t e r .  Basin 4 produces about  
two-thirds  t h e  runoff of Basin 2 b u t  only one- th i rd  a s  much sediment.  
Geomorphic v a r i a b l e s  provide a  b a s i s  f o r  s e l e c t i n g  small  d ra inage  
systems f o r  s p e c i f i c  purposes.  A d e t a i l e d  morphometric a n a l y s i s  of a  
drainage bas in  r equ i r e s  good q u a l i t y  a e r i a l  photographs and maps, 
However, t h e  information used above could have been obta ined  from a e r i a l  
photographs and a  minor amount of f i e l d  work. 

The v a r i a b l e s  discussed above desc r ibe  t h e  small  drainage systems 
a s  a  u n i t  bu t  wi th in  each of t hese  u n i t s  t h e r e  a r e  s p e c i f i c  a r e a s  from 
which t h e  g r e a t e s t  amounts of sediment and runoff a r e  produced. For 
'example, s t u d i e s  of e ros iona l  development of bandland dra inage  b a s i n s  
i n d i c a t e  t h a t  i n i t i a l l y  e ros ion  i s  g r e a t e s t  i n  t h e  lower p a r t  of each 
bas in .  As t h e  bas in  evolves ,  t h i s  zone of maximum e ros ion  moves up t h e  
drainage system u n t i l  t h e  l a t e r  s t a g e s  of b a s i n  e r o s i o n  when it 
concent ra tes  along t h e  d iv ides .  Figure 4-21 shows t h a t  assu~ning a  f l a t  
su r f ace  i n t o  which t h e  drainage channels have i n c i s e d ,  when 50 pe rcen t  
of t o t a l  p o s s i b l e  e ros ion  wi th in  a drainage system has occurred ,  almost 
80 pe rcen t  of t h e  lower o n e - f i f t h  of t h e  b a s i n  b u t  only 25 percent  of 
t he  upper o n e - f i f t h  of t h e  bas in  has been eroded. -The re fo re ,  w i t h i n  a  
drainage system a  zone of maximum e ros ion  should e x i s t .  I n  most cases  
t h i s  should be loca t ed  near  t h e  drainage d iv ide  b u t  depending on t h e  
r ecen t  geologic  and e ros iona l  h i s t o r y  of t h e  reg ion ,  it might we l l  be 
loca t ed  nea re r  t h e  mouth of t h e  system. I f  t h i s  zone of maximum e r o s i o n  
could no t  be loca t ed  by in spec t ion  of a e r i a l  photographs o r  by f i e l d  
reconnaissance,  then  average s lope  curves should provide informat ion  on 
i t s  l o c a t i o n  wi th in  t h e  drainage system. 

I n  summary it i s  e s s e n t i a l  t o  recognize t h e  complexity of Zone 1 
both i n  space and through t ime.  For example, t h e  concept of i n t r i n s i c  
geomorphic t h re sho lds  i s  a  b a s i s  f o r  t h e  explana t ion  of d i s t r i b u t i o n  of 
e ros iona l  f e a t u r e s  i n  t h e  landscape and it may provide t h e  techniques 
needed f o r  p r e d i c t i n g  s i t e s  of e ros iona l  and d e p o s i t i o n a l  change t h a t  
can lead  t o  a  prevent ive  conservat ion approach t o  e ros ion  problems. 

For example f i e l d  s t u d i e s  i n  semiarid v a l l e y s  of Wyoming, 
Colorado, New Mexico, and Arizona r evea l  t h a t  discont inuous g u l l i e s  
( s h o r t  b u t  troublesome g u l l i e d  reaches of v a l l e y  f l o o r s )  can be r e l a t e d  
t o  t h e  s lope  of t h e  va l l ey - f loo r  su r f ace  (Schunm and Hadley, 1957) and 
t h e  beginning of network re juvenat ion  by g u l l y  e ros ion  i n  t h e s e  v a l l e y s  
tends t o  be l o c a l i z e d  on s t e e p e r  reaches of t h e  v a l l e y  f l o o r .  Carrying 
t h i s  one s t e p  f a r t h e r  with t h e  concept of geomorphic t h re sho lds  i n  
mind, it seems t h a t  f o r  a  given reg ion  of uniform geology, l an ibuse ,  and 
c l imate  a  c r i t i c a l  th reshold  v a l l e y  s lope  should e x i s t  above which an 
a l l u v i a l  v a l l e y  f l o o r  i s  uns tab le .  



F i g u r e  4-21. Bar c h a r t  i l l u s t r a t i n g  d i s t r i b u t i o n  of e r o s i o n  w i t h i n  a  
smal l  d r a i n a g e  system (11). Bars  i n d i c a t e  amount of 
t o t a l  p o s s i b l e  e r o s i o n  t h a t  has  occur red  w i t h i n  each 20 
p e r c e n t  segment of b a s i n  a r e a ,  a f t e r  50 p e r c e n t  o f  t o t a l  
p o s s i b l e  b a s i n  e r o s i o n  has  o c c u r r e d .  Maximum e r o s i o n  
has  occur red  n e a r  mouth o f  b a s i n  (76  p e r c e n t  i n  lower 20 
p e r c e n t  of b a s i n ) .  Minimum e r o s i o n  h a s  o c c u r r e d  i n  
upper 20 p e r c e n t  o f  a r e a ,  where d u r i n g  t h e  same p e r i o d  
of t ime o n l y  26 p e r c e n t  o f  t h e  t o t a l  p o s s i b l e  e r o s i o n  
has  occur red .  

To t e s t  t h i s  h y p o t h e s i s  measurements of v a l l e y - f l o o r  g r a d i e n t  were 
made i n  t h e  P iceance  Creek b a s i n  o f  wes te rn  Colorado,  a n  a r e a  w i t h  
numerous d i s c o n t i n u o u s  g u l l i e s  b u t  w i t h  no o r d e r l y  p a t t e r n  of d i s t r i b u -  
t i o n  (F igure  4-22).  Within  t h i s  a r e a ,  v a l l e y s  were s e l e c t e d  i n  which 
d i scon t inuous  g u l l i e s  were p r e s e n t .  The d r a i n a g e  a r e a  above each  g u l l y  
was measu-red on maps and v a l l e y  s l o p e s  were surveyed.  S i n c e  r e c o r d s  of 
runof f  o r  f l o o d  e v e n t s  e x i s t  t h e  d r a i n a g e  b a s i n  a r e a  was c o n s i d e r e d  a 
v a r i a b l e . ,  r e f l e c t i n g  runof f  and perhaps  f l o o d  d i s c h a r g e .  When v a l l e y  
s l o p e  i s  p l o t t e d  a g a i n s t  d r a i n a g e  a r e a  t h e  r e l a t i o n s h i p  i s  i n v e r s e  
(F igure  4-22) w i t h  g e n t l e  v a l l e y  s l o p e s  c h a r a c t e r i s t i c  of l a r g e  d r a i n a g e  
a r e a s .  A s  a b a s i s  f o r  comparison,  s i m i l a r  measurements were t a k e n  f o r  
v a l l e y s  i n  which t h e r e  were no g u l l i e s  and t h e s e  d a t a  a r e  a l s o  p l o t t e d  
i n  F i g u r e  4-22. The lower range of s l o p e s  o f  u n s t a b l e  v a l l e y s  c o i n c i d e  
wi th  h i g h e r  range s l o p e s  of s t a b l e  v a l l e y s .  I n  o t h e r  words,  f o r  a  g i v e n  
d ra inage  a r e a  it i s  p o s s i b l e  t o  d e f i n e  a v a l l e y  s lope  above which t h e  
v a l l e y  f l o o r  i s  u n s t a b l e  ( P a t t o n  and Schumm, 1975) .  B r i c e  (1966) found 
a  s i m i l a r  b u t  l e s s  w e l l  d e f i n e d  r e l a t i o n  f o r  v a l l e y s  i n  Nebraska.  

I t  should be  no ted '  t h a t  t h e  r e l a t i o n s h i p  does n o t  p e r t a i n  t o  
d r a i n a g e  b a s i n s  s m a l l e r  t h a n  approximately  5 s q u a r e  miles. I n  t h e s e  
smal l  b a s i n s ,  v a r i a t i o n s  i n  v e g e t a t i v e  cover  which a r e  pe rhaps  r e l a t e d  
t o  t h e  a s p e c t  of t h e  d r a i n a g e  b a s i n  o r  t o  v a r i a t i o n s  i n  t h e  p r o p e r t i e s  
o f  a l luv ium p r e v e n t  r e c o g n i t i o n  o f  a  c r i t i c a l  t h r e s h o l d  s l o p e .  Only two 
a r e a s  l a r g e r  t h a n  5 square  m i l e s  w i t h  s t a b l e  v a l l e y  f l o o r s  p l o t t e d  above 
t h e  t h r e s h o l d  l i n e .  I t  may be  concluded t h a t  t h e s e  v a l l e y  f l o o r s  a r e  
i n c i p i e n t l y  u n s t a b l e  and t h a t  a  major f l o o d  may e v e n t u a l l y  c a u s e  e r o s i o n  
and t r e n c h i n g  of t h e  a l luv ium s t o r e d  i n  t h e s e  v a l l e y s .  



Using Figure  4-22 t h e  threshold  s lope  above which t renching  o r  
v a l l e y  i n s t a b i l i t y  w i l l  t ake  p l ace  i n  t h e  Piceance Creek a rea  may be 
def ined .  This  has obvious impl ica t ions  f o r  land management, f o r  i f  t h e  
s lope  a t  which v a l l e y s  a r e  i n c i p i e n t l y  uns t ab le  can be determined, 
c o r r e c t i v e  measures can be taken t o  a r t i f i c i a l l y  s t a b i l i z e  such c r i t i c a l  
reaches a s  they  a r e  i d e n t i f i e d .  

The concept of th resholds  a s  appl ied  t o  a l l u v i a l  depos i t s  i n  t h e  
western United S t a t e s  i s  shown by Figure 4-23 i n  which t h e  decreas ing  
s t a b i l i t y  of an a l l u v i a l  f i l l  i s  represented  by a  l i n e  i n d i c a t i n g  
inc rease  of v a l l e y  s lope  toward a  condi t ion  of i n s t a b i l i t y  ( l i n e  2 )  with  
t ime.  A s i m i l a r  r e l a t i o n s h i p  would p e r t a i n  i f ,  wi th  cons t an t  s lope  
sediment loads slowly decrease wi th  t ime. Superimposed on t h e  ascending 
l i n e  of i nc reas ing  s lope  a r e  v e r t i c a l  l i n e s  showing v a r i a t i o n s  of v a l l e y  
f l o o r  s t a b i l i t y  caused by f lood events  of d i f f e r e n t  magnitudes. The 
e f f e c t  of even l a r g e  events  i s  minor u n t i l  t he  s t a b i l i t y  of t h e  depos i t  
has been so  reduced by s teepening the  v a l l e y  g r a d i e n t  t h a t  dur ing  one 
major storm, e ros ion  begins a t  t ime A .  I t  i s  important  t o  note  t h a t  t he  
l a r g e  event  is  only t h e  most apparent  cause of f a i l u r e ,  a s  it would have 
occurred a t  t ime B i n  any case.  

These s t u d i e s  of a l l u v i a l  depos i t s  i n  drylands sugges t  t h a t  l a r g e  
in f r equen t  storms can be e r o s i o n a l l y  s i g n i f i c a n t ,  bu t  major permanent 
changes r e s u l t  only when a  geomorphic threshold  has been exceeded. I t  
i s  f o r  t h i s  reason t h a t  high-magnitude, low-frequency events  may a t  
t imes have only  minor and l o c a l  e f f e c t s  on a  landscape. 

Dro~noqe oreo (squore rndes) 

Figure  4-22. Re la t ion  between va l l ey - f loo r  s lope  and dra inage  a rea  
f o r  small  drainage bas ins ,  Piceance Creek a r e a ,  
Colorado. (From Pa t ton  and Schumm, 1975 . )  



Figure 4-23. Changing v a l l e y  f l o o r  s t a b i l i t y  through time. Line 1 
shows inc reas ing  i n s t a b i l i t y  of v a l l e y  f l o o r  a s  it 
approaches f a i l u r e  threshold  ( l i n e  2 ) .  (From Schumm, 
1968. ) 

The concepts of complex response and geomorphic t h re sho lds  a r e  
supported by both t h e  response of t he  experimental drainage bas in  a f t e r  
re juvenat ion  and t h e  s i t u a t i o n  i n  t h e  Piceance Creek a r e a .  I t  i s  no t  
suggested t h a t  t h e s e  concepts a r e  app l i cab le  everywhere. Rather they  
a r e  u se fu l  i n  a r eas  of high sediment product ion o r  a r e a s  of rugged, 
youthful  topography. Nevertheless ,  t h e  n a t u r a l  s t o r a g e ,  f l u sh ing ,  and 
reworking of alluvium i n  t h e  v a l l e y  systems of a  drainage bas in  can be a  
important aspec t  of development of a l l u v i a l  depos i t s  i n  Zones 2 
and 3 .  

4.5 CHANNEL MORPHOLOGY 

Sediment and water moving through s t a b l e  a l l u v i a l  channels a r e  
t h e  independent v a r i a b l e s  t h a t  determine t h e  s i z e ,  shape and p a t t e r n  of 
t h e  channel. Numerous empir ica l  r e l a t i o n s  have been developed t h a t  
r e l a t e  channel morphology t o  water and sediment d ischarge .  A review of 
some of these fol low.  

Lane (1955) summarized these  r e l a t i o n s  by p re sen t ing  a  q u a l i t a t i v e  
r e l a t i o n  among bed ma te r i a l  load 

Qs 
mean water d i scharge  Q ;  median 

sediment s i z e  d and gradien t  S ,  a s  
SO ' 

He concluded t h a t  a  channel w i l l  be maintained i n  s t e a d y - s t a t e  
equi l ibr ium when changes i n  sediment load and sediment s i z e  a r e  compen- 
s a t ed  f o r  by changes i n  water d i scharge  and r i v e r  g rad ien t .  



Bed m a t e r i a l  l o a d  i s  d e f i n e d  a s  t h a t  p a r t  o f  t h e  s t r e a m ' s  sediment  
l o a d  t h a t  c o n s i s t s  o f  sediment s i z e s  compris ing a  s i g n i f i c a n t  p a r t  of 
t h e  s t ream b e d .  Emphasis on significant r e p r e s e n t a t i o n  e x c l u d e s  t h e  
s m a l l  p e r c e n t a g e  o f  s i l t  and c l a y  u s u a l l y  found i n  most bed m a t e r i a l  
( E i n s t e i n ,  1950, pp.  6 ,  7 ) .  The o t h e r  component o f  t o t a l  sediment  l o a d ,  
a s  d e f i n e d  by E i n s t e i n ,  i s  wash load  which i s  p a r t  of t h e  t o t a l  l o a d  n o t  
s i g n i f i c a n t l y  r e p r e s e n t e d  i n  t h e  bed .  I t  i s  h e l d  i n  suspens ion  by t h e  
t u r b u l e n c e  o f  f lowing w a t e r  and moves a t  t h e  v e l o c i t y  of t h e  w a t e r .  
T h i s  d i s t i n c t i o n  i s  necessa ry  because  d u r i n g  sampling of sediment  l o a d s  
bed m a t e r i a l  l o a d  i s  caught  i n  t h e  suspended sediment  sample r ,  a l t h o u g h  
t h i s  c o a r s e r  m a t e r i a l  may be  o n l y  i n  temporary s u s p e n s i o n .  E i n s t e i n ' s  
d e f i n i t i o n  s u g g e s t s  t h a t  bed l o a d  i s  composed of s a n d - s i z e  and l a r g e r  
sediment compared w i t h  suspended l o a d  which i s  composed o f  sediment  
s m a l l e r  t h a n  sand ( s m a l l e r  t h a n  abou t  0 . 0 6  t o  0 .07  mm). I n  t h e  fo l low-  
i n g  t e x t  bed l o a d  i s  used t o  mean sediment l a r g e r  t h a n  s i l t  which 
a l t h o u g h  o f t e n  i n  suspens ion  w i l l  e v e n t u a l l y  be  d e p o s i t e d  on t h e  bed.  A 
sediment  p a r t i c l e  of sand s i z e  and l a r g e r  normal ly  o n l y  remains i n  
suspens ion  d u r i n g  a  f l o o d ,  and t h e n  i s  r e d e p o s i t e d  a s  t h e  f l o o d  wanes. 
Suspended sediment  load  r e f e r s  t o  wash load  composed o f  s i l t  and c l a y .  
Th is  d i s t i n c t i o n  i s  impor tan t  because  t h e  two t y p e s  of sed iment  have 
s i g n i f i c a n t l y  d i f f e r e n t  p h y s i c a l  p r o p e r t i e s .  S i l t  and c l a y  have 
cohes ion  and a r e  d i f f i c u l t  t o  e rode  and sands  a r e  moved r e a d i l y  depend- 
i n g  on s i z e  and shape (Hju l s t rom,  1935 and Schumm, 1960) .  T h e r e f o r e ,  a  
r i v e r  i n  which a  l a r g e  p r o p o r t i o n  of t h e  sediment  l o a d  i s  s i l t  and c l a y  
shou ld  b e  morpholog ica l ly  d i f f e r e n t  from a  r i v e r  w i t h  a  sed iment  l o a d  
t h a t  i s  predominant ly  sand s i z e  and l a r g e r ,  o r  bed l o a d .  

A l l  a v a i l a b l e  ev idence  i n d i c a t e s  t h a t  t h e  g r e a t e r  t h e  q u a n t i t y  o f  
w a t e r  t h a t  moves th rough  a  channe l ,  t h e  l a r g e r  i s  t h e  c r o s s  s e c t i o n  of 
t h a t  channe l .  Preceded by numerous s t u d i e s  o f .  c a n a l  morphology and 
s t a b i l i t y  ( L e l i a v s k y ,  1955) and Leopold and Maddock-(1953) demons t ra ted  
t h a t  f o r  most r i v e r s ,  t h e  wa te r  s u r f a c e  wid th  b  and d e p t h  d  i n c r e a s e  
w i t h  mean annua l  d i s c h a r g e  Q i n  a  downstream d i r e c t i o n :  

m 

The c o e f f i c i e n t s  o f  Equa t ions  4-2 and 4-3 a r e  d i f f e r e n t  f o r  e a c h  
r i v e r  and when d a t a  from a  number of r i v e r s  a r e  p l o t t e d  a g a i n s t  d i s -  
charge t h e  s c a t t e r  c o v e r s  an  e n t i r e  l o g  c y c l e .  T h a t  i s ,  f o r  a  g iven  
d i s c h a r g e  t h e r e  i s  a n  o r d e r  o f  magnitude range o f  wid th  and d e p t h .  
T h e r e f o r e ,  o t h e r  v a r i a b l e s  a p p a r e n t l y  i n f l u e n c e  channe l  d imensions .  

One such  h y d r o l o g i c  v a r i a b l e  t h a t  has  n o t  been g i v e n  due 
c o n s i d e r a t i o n  i s  peak o r  maximum d i s c h a r g e .  I t  i s  r a r e  t o  f i n d  s t r e a m s  
t h a t  d r a i n  g e o l o g i c a l l y  s i m i l a r  a r e a s  and y e t  have v e r y  d i f f e r e n t  f l o o d  
peaks .  Two such  r i v e r s  may be  t h e  Rios Guanipa and Tonoro i n  n o r t h -  
e a s t e r n  Venezuela (S tevens  e t  a l . ,  1975).  Although h y d r o l o g i c  d a t a  were 
c o l l e c t e d  f o r  o n l y  t h e  r a i n y  season  (June-September,  1969) meteoro log i -  
c a l  d a t a  i n d i c a t e  t h a t  t h e  h y d r o l o g i c  r e s u l t s  shou ld  be s i m i l a r  f o r  
l o n g e r  p e r i o d s .  A comparison of morphology and h y d r o l o g i c  c h a r a c t e r  o f  
b o t h  r i v e r s  i s  p r e s e n t e d  i n  Tab le  4 - 4 .  The major d i f f e r e n c e s  i n  wid th  
and s i n u o s i t y  ( r a t i o  o f  channel  t o  v a l l e y  l e n g t h )  appear  t o  be t h e  
r e s u l t  o f  t h e  g r e a t  d i f f e r e n c e  i n  f l o o d  c h a r a c t e r i s t i c s .  Although t h e  



Table 4-4 .  C h a r a c t e r i s t i c s  of Rios Tonoro and Guanipa (From Stevens e t  a l . ,  1975) 

- -- 

Mean Maximum 
Median annua 1 annua 1 

Drainage Val ley  Channel sediment discharge d ischarge  
a rea  s l o p e  width s i z e  (0) (Q 1 

River ( sq .  miles) ( f t / m i l e )  ( f t )  S inuos i ty  (mm) ( c f s )  (c fQ Q /Q  

Tonoro 500 0 . 8  600 1 . 1  0 .35  400 18,900 4 7 
Guanipa 1100 0 .7  5 0 2 . 3  0 .35  600 3 ,700 6 .P 

I 
W 
b 



records are short they indicate that rivers with high ratios of peak to 
mean discharge are morphologically different from rivers with low 
ratios. 

The remaining variable that significantly controls river morphology 
is sediment load. Lacey (1930) concluded from an analysis of regime 
canal data that the wetted perimeter of a channel is directly dependent 
on discharge but channel shape reflects sediment load size. Coarse 
sediment produces cha~els of a high width/depth ratio and fine sediment 
produces narrow and deep cross sections. Considerable research into the 
hydraulics and morphology of coarse load Canadian rivers show that they 
do differ in dimensions from the rivers studied by Leopold and Maddock 
(1953). For example, analysis of data from 70 reaches of gravel-fed 
streams in Alberta yields the following relations (Bray, 1973) 

,in which Q is the discharge for a flood with a 2-year recurrence 
interval an$ b and d are average water surface, width and depth, 
respectively, at the 2-year discharge. Comparison with Equations 2 and 
3 indicates that gravel-bed streams at a given discharge will be wider 
and shallower but according to Bray the addition of median grain size to 
Equations 4-4 and 4-5 did not improve them significantly. 

In addition to the size of the transported sediment relative 
amounts of bed load and suspended load also significantly influence the 
morphology of sand-bed streams. For example, along the Smoky Hill- 
Kansas River system in Kansas discharge increases in a downstream direc- 
tion while channel width decreases from about 300 feet to less than 100 
feet in central Kansas. Farther east there is a marked increase in 
channel width. These and other changes are attributed to changes in the 
type of sediment load introduced by major tributary streams (Schumm, 
1968). Tributaries introduce large suspended-sediment loads where the 
width decreases and large bedloads or sand loads are added where width 
increases. 

The collection of data on channel dimensions, bed and bank 
sediments, and water discharge at 36 cross sections permits development 
of additional empirical equations for channel dimensions. Of all the 
channels located in the semiarid to subhumid regions of the Great Plains 
of the United States and on the Riverine Plains of New South Wales, 
Australia none contains more than approximately 10 percent gravel. Thus 
the bed material is sand (Schumm, 1968, pp. 40, 45). However, the 
channels show a considerable range of dimensions and hydrology: width 
27 to 800 feet, depth 2.4 to 18 feet, width/depth ratio 4 to 75, 
sinuosity 1.05 to 2.5, and mean a ~ u a l  discharge 21 to 5000 cfs. 

The channels are defined as stable because there has been no 
progressive channel adjustment during the last 10 years of record and 
are described as alluvial channels because their bed -and banks are 



composed o f  sediment t h a t  i s  t r a n s p o r t e d  by t h e  r i v e r .  Data a r e  n o t  
a v a i l a b l e  f o r  t o t a l  sediment l o a d s ,  b u t  bed and bank samples were 
c o l l e c t e d  t h a t  a r e  assumed t o  r e f l e c t  t h e  t y p e  of sediment  t r a n s p o r t e d .  
Although t h e r e  were no s y s t e m a t i c  changes i n  t h e  average  s i z e  o f  t h e  bed 
and bank m a t e r i a l s ,  it was determined t h a t  t h e  shape o f  t h e  channe l s  i s  
c l o s e l y  r e l a t e d  t o  t h e  pe rcen tage  of s i l t  and c l a y  i n  t h e  sediments  
forming t h e  p e r i m e t e r  of channel  M .  S i l t - c l a y  was measured a s  t h e  
sediment s m a l l e r  t h a n  0 .074  mm (200 mesh s i e v e ) .  The w i d t h l d e p t h  r a t i o  
F o f  t h e s e  channe l s  was found t o  be  r e l a t e d  t o  t h e  p e r c e n t a g e  of 
s i l t - c l a y  i n  t h e  p e r i m e t e r  of t h e  channel  M a c c o r d i n g  t o  F i g u r e  4-24.  

1 .o I I I I I I I ! ~  I  I  I  I I l l11 1 1 1 1  1 1 1 1  
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F i g u r e  4-24.  R e l a t i o n  between wid th /dep th  r a t i o  and p e r c e n t a g e  o f  s i l t  
and c l a y  i n  channel  p e r i m e t e r  f o r  s t a b l e  a l l u v i a l  s t r e a m s .  
( A f t e r  Schumm, 1960 . )  

M a p p a r e n t l y  i s  an  index  of t h e  type  of sediment be ing  t r a n s p o r t e d  
through t h e  channel  and i s  a l s o  an  i n d i c a t i o n  of bank s t a b i l i t y .  For 
f i v e  l o c a t i o n s ,  where b o t h  t o t a l  sediment load  d a t a  a r e  a v a i l a b l e  and M 
has  been c a l c u l a t e d ,  it was i n v e r s e l y '  r e l a t e d  t o  t h e  p e r c e n t a g e  o f  t h e  
t o t a l  load  t h a t  i s  sand o r  bed load  Qb, a t  a g iven  d i s c h a r g e ,  a s  
f o l l o w s  (Schumm, 1968) 

Because o f  t h e  g r e a t  range of channel  s i z e  and d i s c h a r g e  o f  t h e  
channels  s t u d i e d ,  t h e  t y p e  o f  sediment  l o a d  i s  c o n s i d e r e d  t o  be  a more 
impor tan t  c o n t r o l  on s t a b l e  channel  shape t h a n  t h e  t o t a l  q u a n t i t y .  of 
sediment  t r a n s p o r t e d  th rough  a channe l .  For  example, i n  one channe l  a 
s m a l l  q u a n t i t y  o f  bed load  may e x e r t  t h e  dominant c o n t r o l  i f  i t  i s  t h e  



t o t a l  l oad ,  whereas i n  another  channel t h e  same amount of bed load may 
e x e r t  much l e s s  in f luence  on channel shape because it i s  only a small  
p a r t  of t h e  t o t a l  sediment load. Therefore when suspended sediment load 
and d ischarge  a r e  cons t an t ,  an inc rease  i n  t h e  q u a n t i t y  of bed load w i l l  
cause an inc rease  i n  channel width and widthldepth r a t i o .  This  i s  
probably r e l a t e d  t o  increased g rad ien t  and v e l o c i t y  of flow as soc ia t ed  
wi th  t h e  inc rease  of bed load (Leopold and Maddock, 1953).  For example, 
t he  experimental  r e s u l t s  presented i n  F igure  4-25 f o r  small  channels 
wi th  a cons tan t  d i scharge  of 0.15 c f s  demonstrate an inc rease  of width/ 
depth r a t i o  wi th  increased  bed load (Khan, 1971).  

F igure  4-25.  Rela t ion  between widthldepth r a t i o  and sand load i n  
experimental channels a t  cons tan t  d i scharge  of 0 .15  
c f s  (From Khan, 1971).  

I n  summary, f o r  the  range of channels s t u d i e d ,  type  of sediment 
load e x e r t s  t h e  main con t ro l  on shape. Therefore,  f o r  a s i n g l e  channel 
wi th  cons tan t  d i scharge  and amount of suspended load a change of bed 
load i s  r e f l e c t e d  i n  a change of bo th  shape and g rad ien t .  

Fu r the r  a n a l y s i s  of t h e  r i v e r  da t a  produced the  fol.lowing r e l a t i o n s  
f o r  channel width and depth ( i n  f e e t )  

Eighty-eight  
accounted f o r  

percent  ( r  = .93) of t h e  v a r i a b i l i t y  of  width can be 
by mean annual d i scharge  Qm i n  c f s  and channel s i l t - c l a y  



o r  t y p e  of sediment load  M ,  b o t h  be ing  abou t  e q u a l l y  i m p o r t a n t .  The 
r e l a t i o n s h i p  f o r  channel  d e p t h  i s  n o t  a s  good, w i t h  abou t  8 1  p e r c e n t  
( r  = . 89)  of t h e  v a r i a b i l i t y  o f  channel  dep th  accounted f o r .  Neverthe- 
less, o n l y  abou t  40 p e r c e n t  of t h e  v a r i a b i l i t y  of channe l  dimensions i s  
accounted f o r  by d i s c h a r g e  a l o n e .  I t  should be  no ted  t h a t  w i d t h  and 
dep th  a s  used h e r e  a r e  t h e  b a n k - f u l l  wid th  and dep th  of channe l  i n  
c o n t r a s t  t o  wa te r  width  and dep th  used i n  Equa t ions  4-2 and 4-5. 

To summarize f o r  t h e  a l l u v i a l  r i v e r s ,  no r e l a t i o n  between s i z e  of 
bed sediment and channel  dimensions was d e t e c t e d ,  b u t  when a n  i n d e x  of 
t h e  t y p e  o f  sediment load  M was combined w i t h  d i s c h a r g e ,  good c o r r e l a -  
t i o n s  w i t h  width  and dep th  were o b t a i n e d .  Hence, one may conclude t h a t  
v a r i a t i o n s  i n  channel  dimensions among many r i v e r s  a r e  p r o b a b l y  a t t r i -  
b u t a b l e  t o  d i f f e r e n c e s  of sediment t y p e .  Local  changes o f  channe l  
dimensions may, o f  c o u r s e ,  be s t r o n g l y  a f f e c t e d  by v a r i a t i o n s  o f  r e s i s -  
t a n c e  o f  bank sediments  ( F i s k ,  1944, Simons and A l b e r t s o n ,  1960, and 
Ackers,  1964).  

Channel Grad ien t  

I f  n o t  i n f l u e n c e d  by u p l i f t  o r  v a r i a t i o n s  i n  bedrock ,  t h e  g r a d i e n t  
of a  s t ream w i l l  u s u a l l y  show a  downstream d e c r e a s e  t h a t  i s  a s s o c i a t e d  
w i t h  a n  i n c r e a s e  of d i s c h a r g e  and a  d e c r e a s e  i n  s i z e  of  sediments  
( S h u l i t s ,  1941 and Lane, 1955) .  I n  f a c t ,  L a n e ' s  r e l a t i o n  (Equat ion 4-1) 
i n d i c a t e s  t h a t  g r a d i e n t  i s  d i r e c t l y  r e l a t e d  t o  b o t h  b e d - m a t e r i a l  l o a d  
and g r a i n  s i z e  and i n v e r s e l y  r e l a t e d  t o  wa te r  d i s c h a r g e .  Sediment s i z e  
can be  r e a d i l y  o b t a i n e d  a t  any c r o s s  s e c t i o n ,  and when samples a r e  
ob ta ined  n e a r  gaging s t a t i o n s ,  b o t h  sediment s i z e  and d i s c h a r g e  can be 
r e l a t e d  t o  g r a d i e n t .  Hack (1957) determined f o r  s t reams  i n  V i r g i n i a  and 
Maryland t h a t  d r a i n a g e  a r e a  was c l o s e l y  r e l a t e d  t o  mean annua l  d i s -  
charge .  He t h e n  used d r a i n a g e  a r e a  a s  an  index  of d i s c h a r g e  and found 
t h a t  a  r a t i o  o f  median g r a i n  s i z e  (d i n  mm) t o  d r a i n a g e  b a s i n  a r e a  (A 

50 . i n  s q u a r e  m i l e s )  was r e l a t e d  t o  g r a d l e n t  (Sc i n  f e e t  p e r  m i l e )  a s  
fo l lows  : 

Hack (1957) and Brush (1961) concluded t h a t  downstream d e c r e a s e s  of 
s t ream g r a d i e n t  depend on t h e  r e s i s t a n c e  of t h e  rocks  b e i n g  e roded  and 
s u p p l i e d  t o  t h e  channe l s .  For  example, Brush found t h a t ,  f o r  a  g i v e n  
d i s t a n c e  downstream o r  l e n g t h  of channel  (L i n  m i l e s )  g r a d i e n t  decreased  
most r a p i d l y  f o r  s h a l e ,  t h e n  l i m e s t o n e ,  and l e a s t  f o r  s a n d s t o n e ,  a s  
shown by t h e  fo l lowing  e q u a t i o n s :  

Sc ( s h a l e )  = 0 .0341  
- 0 . 8 1  

S ( l imes tone)  = 0.019L - 0 . 7 1  
C 

S ( sands tone)  = 0.46L 
-0.67 

C 

Bray (1973) found t h e  fo l lowing  expected r e l a t i o n  among g r a d i e n t ,  
d i s c h a r g e  Q and sediment  s i z e  

2 
d50 f o r  r i v e r s  o f  A l b e r t a  



When d a t a  on t y p e  of sediment l o a d  M were used w i t h  mean annua l  
d i s c h a r g e  Q m ,  t h e  fo l lowing  m u l t i p l e  r e g r e s s i o n  e q u a t i o n  r e s u l t e d  f o r  
t h e  Grea t  P l a i n s  and A u s t r a l i a n  r i v e r s  

Seventy-one p e r c e n t  of t h e  v a r i a b i l i t y  of g r a d i e n t  can be  accounted 
f o r  by Qm and M ( r  = . 8 4 ,  s t a n d a r d  e r r o r  i s  0 .07  l o g  u n i t s ) .  The 
range of g r a i n  s i z e  of t h e  bed m a t e r i a l  was t o o  s m a l l  t o  p e r m i t  a n  
e v a l u a t i o n  of e f f e c t  of g r a i n  s i z e  on t h e  g r a d i e n t  of t h e s e  r i v e r s .  

A p l o t  o f  t h e  s l o p e  of t h e  a l l u v i a l  v a l l e y  s u r f a c e  on which each  o f  
t h e  channe l s  flowed compared w i t h  g r a d i e n t  of t h e  s t ream shows t h a t  
v a l l e y  s l o p e  i s  c o r r e l a t e d  w i t h  channel  s l o p e  ( F i g u r e  4-26) .  Although 
t h i s  seems t r i v i a l ,  i f  t h e  v a l l e y  s l o p e  r e f l e c t s  p a s t  d i s c h a r g e s  and 
sediment  l o a d s  (Table  4 - I ) ,  then  it i s  a n  independent  v a r i a b l e  i n f l u e n c -  
i n g  modern channel  g r a d i e n t .  I t  i s  i n t e r e s t i n g  t h a t  i n  F i g u r e  4-26 f o r  
channe l s  w i t h  a  low s i l t - c l a y  c o n t e n t ,  t h e  g r a d i e n t  and v a l l e y  s l o p e  a r e  
a lmos t  i d e n t i c a l  and f o r  o t h e r s  w i t h  a  h i g h  s i l t - c l a y  c o n t e n t  t h e  v a l l e y  
s l o p e  i s  t h r e e  t imes  t h a t  of t h e  channel  g r a d i e n t .  T h i s  s u g g e s t s  t h a t ,  
a l t h o u g h  v a l l e y  s l o p e  can e x e r t  an  impor tan t  i n f l u e n c e  on g r a d i e n t  o f  a  
modern channe l ,  t h e  d i f f e r e n c e  between v a l l e y  and channe l  s l o p e  can b e  
t h e  r e s u l t  of a  change o f  t h e  t y p e  o f  sediment  moved through t h e  channe l  
(Schumm, 1968, p .  5 1 ) .  T h i s  m a t t e r  i s  cons idered  a g a i n  when v a r i a b i l i t y  
o f  channe l  p a t t e r n s  i s  d i s c u s s e d .  
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F i g u r e  4-26. R e l a t i o n s  between a l l u v i a l  v a l l e y  s l o p e  and channe l  
g r a d i e n t .  Numbers b e s i d e  p o i n t s  i n d i c a t e  p e r c e n t a g e  o f  
s i l t - c l a y  i n  channe l s  M .  Four l i n e s  o f  e q u a l  s inuo-  
s i t y  P a r e  shown. 1 R .  i d e n t i f i e s  Murrumbidgee 
River  and P.  S .  i d e n t i f i e s  pa leochanne l  2 ( F i g u r e  
5 -34) .  (From Schumrn, 1968. ) 



Figure  4-27. Examples of channel  p a t t e r n s .  P i s  s i n u o s i t y  ( r a t i o  o f  
channel  t o  v a l l e y  l e n g t h ) .  (From S .  A .  Schunun, 1963) .  

F i g u r e  4-28. V a r i a b i l i t y  o f  s inuous  channel  p a t t e r n s .  (1) Sinous  
channe l ,  uniform width ,  narrow p o i n t  b a r s .  (2 )  Sinuous 
p o i n t - b a r  channe l ,  wider a t  bends .  (3)  P o i n t - b a r  
b r a i d e d  channe l ,  wider  a t  bends .  ( 4 )  I s l a n d - b r a i d e d  
channe l ,  v a r i a b l e  wid th .  (From Culber t son  e t  a l . ,  
1967. ) 





I n  summary, t h e  g r a d i e n t  of a  s t ream i s  s t r o n g l y  i n f l u e n c e d  by t h e  
hydrology and geology of t h e  d r a i n a g e  b a s i n .  The l a t t e r  p r o v i d e s  s e d i -  
ment of v a r i o u s  q u a n t i t i e s  and s i z e s  and t h e  former p r o v i d e s  t h e  t r a n s -  
p o r t i n g  medium. Together  t h e y  determine l o n g i t u d i n a l  p r o f i l e  and 
g r a d i e n t  o f  a n  a l l u v i a l  r i v e r .  

Channel P a t t e r n s  

R i v e r s  d i s p l a y  a  continuum of p a t t e r n s  from s t r a i g h t  t o  h i g h l y  
s inuous  (F igure  4-27) .  I t  should be emphasized t h a t  any d i v i s i o n  
between s t r a i g h t  and meandering channe l s  i s  a r b i t r a r y  and a  meandering 
s t ream may be of low s i n u o s i t y ,  pe rhaps  a s  low a s  1 . 2 ,  i f  t h e  channe l  
d i s p l a y s  a  r e p e a t i n g  p a t t e r n  of bends.  I n  a d d i t i o n ,  s inuous  channe l s  
have been subd iv ided  on t h e  b a s i s  of v a r i a t i o n s  i n  channel  wid th  and b a r  
p a t t e r n  (F igure  4-28) .  

Channel p a t t e r n s  d e s c r i b e d  above and i n  F i g u r e s  4-27 and 4-28 a r e  
s i n g l e - c h a n n e l  p a t t e r n s  b u t  mul t ip le -channe l  p a t t e r n s  e x i s t .  Although 
a t  Low wate r  b r a i d e d  s t reams  have i s l a n d s  of sediment  o r  r e l a t i v e l y  
permanent v e g e t a t e d  i s l a n d s  exposed i n  t h e  c h a n n e l s ,  t h i s  should  n o t  
obscure  t h e  f a c t  t h a t  t h e  i s l a n d s  a r e  i n  a  s i n g l e ,  l a r g e  channe l .  
However, any t y p e  o f  s i n g l e  channel  can be p a r t  of a  mul t ip le -channe l  
d i s t r i b u t a r y  system. 

A l l  p r e v i o u s  work on meandering has  demonstra ted t h a t  meander 
dimensions a r e  r e l a t e d  t o  d i s c h a r g e  o f ' w a t e r  through t h e  channel  
(Leopold and Wolman, 1957, Dury, 1964, and S p e i g h t ,  1965, 1967) .  I n  
f a c t  t h e  channel  need n o t  meander t o  have a  poo l  and c r o s s i n g  o r  p o o l  
and r i f f l e  spac ing  r e l a t e d  t o  d i s c h a r g e  ( K e l l e r ,  1975) .  Dury (1964) 
found t h a t  meander wavelength ( g  i n  f e e t )  i s  r e l a t e d  t o  mean annual  
f l o o d  (Qma i n  c f s )  a s  fo l lows  (F igure  4-29) . 

A = 30 Qma 0 . 5  (4-16) 

I t  should be  no ted  t h a t  t h e r e  i s  a  10- fo ld  v a r i a t i o n  of meander 
wavelength a t  a  g iven  d i s c h a r g e  (F igure  4 -29) .  When i n f o r m a t i o n  on t y p e  
of sediment l o a d  M i s  i n c l u d e d ,  t h e  f o l l o w i n g  v a s t l y  improved r e l a t i o n  
i s  o b t a i n e d  f o r  b o t h  mean annual  d i s c h a r g e  (Qm i n  c f s )  and mean a n n u a l  
f low (Qma i n  k f s )  

0 .34 
A = 1890 Qm ( r  = . 9 6 ,  s t a n d a r d  e r r o r  i s  0 .16 l o g  u n i t s )  (4-17) Mo. 74 

0 . 4 8  
A = Qma ( r  = . 93 ,  s t a n d a r d  e r r o r  i s  0 .19 l o g  u n i t s )  (4-18) 74 

A d d i t i o n a l  r e l a t i o n s  among channel  wid th ,  d i s c h a r g e ,  and w i d t h  o'f 
t h e  meander b e l t  have been reviewed by Le l iavsky  (1955, p p .  133-135). ' 

For  s t a b l e  a l l u v i a l  r i v e r s  o f  t h e  Grea t  P l a i n s ,  t h e  d e g r e e  of 
meandering o r  s i n u o s i t y  P ( r a t i o  of channel  l e n g t h  t o  v a l l e y  
l e n g t h )  i s  r e l a t e d  t o  M a s  fo l lows  



Hence, Equations 4-6 and 4-19 show t h a t  streams t r a n s p o r t i n g  l i t t l e  bed 
load a r e  r e l a t i v e l y  narrow, deep, and s inuous.  However, it i s  t r u e  t h a t  
r i v e r s  t h a t  t r a n s p o r t  small  q u a n t i t i e s  of sand a r e  n o t  always sinuous 
and some r i v e r s  t h a t  appear t o  be t r anspor t ing  only  very  f i n e  sediment 
a r e  s t r a i g h t .  

S inuos i ty  

A p a r t i a l  explana t ion  of t hese  s i n u o s i t y  d i f f e r e n c e s  among r i v e r s  
may r e s i d e  i n  t h e  r e l a t i o n s  of Figure 4-26. I f  t e c t o n i c  f a c t o r s  have 
no t  modified v a l l e y  s lope ,  t h e  g rad ien t  of t h e  a l l u v i a l  su r f ace  should 
be a t  p r e c i s e l y  t h e  i n c l i n a t i o n  requi red  f o r  movement of t h e  water- 
sediment mixture through t h e  v a l l e y .  The f a c t  t h a t  t h e  su r f ace  of t h e  
alluvium i s  too  s t e e p  r equ i r e s  an explana t ion  t h a t  depends on an under- 
s tanding  of stream regimen changes dur ing  perhaps t h e  p a s t  15,000 y e a r s .  
A l l  r i v e r s  flow on t h e  upper su r f ace  of alluvium t h a t  f i l l s  v a l l e y s  c u t  
i n t o  bedrock. Deep v a l l e y s  and t h e  alluvium probably a r e  t h e  r e s u l t  of 
changes i n  base l eve l ,  c l ima te ,  and hydrologic  condi t ions  dur ing  and 
fol lowing the  P le i s tocene  epoch. 

The alluvium f i l l i n g  the  v a l l e y s  decreases  i n  s i z e  from g rave l  and 
coarse sand a t  ' t h e  base of t he  depos i t  t o  s i l t ,  c l a y ,  o r  f i n e  sand a t  
t h e  p re sen t  v a l l e y  su r f ace ,  presumably r e f l e c t i n g  changed sediment 
t r a n s p o r t  condi t ions  and a v a i l a b i l i t y  of coarse sediment.  Great v a r i -  
a b i l i t y  of sediment type occurs i n  t hese  a l l u v i a l  d e p o s i t s  b u t  a l l  
a v a i l a b l e  information shows a  decrease i n  s i z e  of alluvium toward 
su r f ace  of t h e  f i l l .  

Depending on t h e  type of rocks exposed wi th in  a  drainage b a s i n ,  t h e  
sediment load of one of t hese  r i v e r s  might have changed from g rave l  and 
sand t o  sand alone o r  f ~ o m  s i l t ,  c l a y ,  sand, and g rave l  t o  predominantly 
s i l t  and c l a y  during depos i t ion .  For example, i n  a  s t ream d r a i n i n g  
a r e a s  under la in  by sandstone t h e  s i z e  and quan t i t y  of t h e  sediment 
decreased b u t  t h e  propor t ion  of bed load t o  t o t a l  load probably changed 
l i t t l e .  A stream d ra in ing  a reas  of sandstone and s h a l e  underwent no t  
on ly  a  decrease  i n  s i z e  of sediment load bu t  a l s o  a  reduct ion  i n  r a t i o  
of bed load t o  t o t a l  load .  As a  r e s u l t  a  stream d r a i n i n g  a r e a s  of mixed 
sediments,  a f t e r  depos i t ion  of t h e  coa r se r  sediment ceased,  was flowing 
on alluvium with a  g rad ien t  i n  excess  of t h a t  requi red  f o r  t r a n s p o r t  of 
f i n e r  load .  Reduction of g rad ien t  by degradat ion could only be p a r t l y  
e f f e c t i v e ,  f o r  wi th  i n c i s i o n  t h e  stream would encounter  coa r se r  s ed i -  
ments t r anspor t ed  during a  previous regime and development of an armor 
of coarse sediment would prevent  f u r t h e r  degrada t ion .  Formation of a  
sinuous course appears  t o  have been t h e  only a l t e r n a t i v e .  Rivers  d ra in -  
ing  a reas  of r e l a t i v e l y  coarse o r  sandy sediments were l e s s  a f f e c t e d  by 
t h e  change i n  s i z e  and type o f  sediment load and continued t o  f low on a 
g rad ien t  t h a t  i s  today e s s e n t i a l l y  t h a t  of t h e  v a l l e y  i t s e l f ,  because 
they  have h i s t o r i c a l l y  been t r a n s p o r t i n g  r e l a t i v e l y  l a r g e  amounts of bed 
load. 

An inc rease  i n  s i n u o s i t y  and accompanying decrease  i n  s t ream 
4 grad ien t  r e f l e c t s  t h e  need t o  d i s s i p a t e  energy ( i n  excess  of t h a t  ex- 

pended i n  f r i c t i o n  and sediment t r a n s p o r t )  t h a t  becomes a v a i l a b l e  a s  t h e  



bed load  d e c r e a s e s .  Thus t h e  r i v e r s  w i t h  sandy channe l s  (low M) p l o t  
h igh  (low s i n u o s i t y )  i n  F i g u r e  4-26 and r i v e r s  w i t h  h i g h  s i l t - c l a y  
channels  p l o t  low. 

Apparent e x c e p t i o n s  t o  t h i s  conc lus ion  may o c c u r .  For  example, 
s t r eams  d r a i n i n g  mountain meadows -may meander y e t  t h e i r  beds a r e  
composed o f  c o b b l e s .  An e x p l a n a t i o n  i s  t h a t  t h e  c o a r s e  sediment  a c t s  a s  
a n  armor over  which t h e  s t ream meanders. Under t h e  p r e s e n t  regime t h e s e  
c o a r s e  sediments  a r e  n o t  moved. T h e r e f o r e ,  t h e  predominant sediment  
load  i s  t r a n s p o r t e d  i n  suspens ion .  I n  a d d i t i o n  it a p p e a r s  p r o b a b l e  t h a t  
a l though  a  s t ream i s  t r a n s p o r t i n g  f i n e  sed iments ,  t h e  v a l l e y  g r a d i e n t  
may be  s o  g e n t l e  a s  t o  i n h i b i t  meandering. Examples of t h i s  may be  t h e  
M i s s i s s i p p i  R i v e r  below New Or leans  ( F i s k ,  1944) and t h e  I l l i n o i s  R i v e r  
(Rubey, 1952).  Both r i v e r s  f low on s u r f a c e s  t h a t  s l o p e  v e r y  g e n t l y  
downstream, and b o t h  r i v e r s  a r e  e s s e n t i a l l y  s t r a i g h t ,  a l t h o u g h  t h e y  
t r a n s p o r t  f i n e  sed iments .  

I t  appears  t h a t  v a l l e y  g r a d i e n t  can be an  independent  v a r i a b l e  
i n f l u e n c i n g  t h e  p r e s e n t  p a t t e r n  of an a l l u v i a l  r i v e r .  T h i s  i s  an  
a p p e a l i n g  e x p l a n a t i o n  f o r  development of a  s i n u o u s  r i v e r  c o u r s e .  I t  i s  
n o t  a n  o r i g i n a l  one b u t  i t  can be suppor ted  by f i e l d  ev idence .  For 
example, t h e  p o i n t s  l a b e l e d  M .  R .  and P .  S.  i n  F i g u r e  4-26 r e p r e s e n t  two 
channe l s  on t h e  R i v e r i n e  P l a i n  and New South Wales, A u s t r a l i a .  One i s  a  
pa leochanne l  (P. S . )  t h a t  was f u n c t i o n i n g  a t  l e a s t  10,000 y e a r  ago.  I t  
c o n t a i n s  and t h e r e f o r e  must have t r a n s p o r t e d ,  l a r g e  q u a n t i t i e s  of sand 
(low M) a c r o s s  an  a l l u v i a l  p l a i n  a t  t h e  s l o p e  o f  t h e  p l a i n  ( s i n u o s i t y  
abou t  1 . 0 ) .  S i n c e  t h e  t ime  t h a t  t h i s  channel  was f u n c t i o n i n g ,  t h e  
c l i m a t e  has  changed, v e g e t a t i o n a l  cover  i n  t h e  headwaters  h a s  improved, 
and t h e  q u a n t i t y  o f  sand t o  be moved has  decreased  markedly (Schumrn, 
1968) .  The modern Murrumbidgee River  (M. R . ) ,  which d r a i n s  t h e  same 
sediment source  a r e a ,  now meanders a c r o s s  t h e  a l l u v i a l  p l a i n  w i t h  a  
s i n u o s i t y  of abou t  2 .  To reduce i t s  g r a d i e n t  t h e  pa leochanne l  cou ld  
have e i t h e r  i n c i s e d  i n t o  t h e  p l a i n  o r  developed a  s i n u o u s  c o u r s e .  
I n c i s i o n  r e q u i r e d  movement of tremendous q u a n t i t i e s  o f  sediment  and t o  
reduce t h e  g r a d i e n t  by h a l f ,  i n c i s i o n  i n  t h e  headwaters  would have had 
t o  have been g r e a t .  A much s i m p l e r  means of reduc ing  g r a d i e n t  r e q u i r e d  
development o f  a  s inuous  c o u r s e ,  and it was by t h i s  method t h a t  g r a d i e n t  
r e d u c t i o n  was accomplished and t h e  p a t t e r n  o f  t h e  Murrumbidgee R i v e r  
e s t a b l i s h e d .  

Channel Adjustment 

The e n g i n e e r  i s  w e l l  aware o f  t h e  t y p e  o f  channel  r esponse  t h a t  
r e s u l t s  from e f f o r t s  t o  c o n t r o l  r i v e r  behav ior  and e n g i n e e r i n g  
l i t e r a t u r e  i s  r e p l e t e  w i t h  d i s c r i p t i o n s  o f  l o c a l ,  b u t  r a p i d ,  channel  
response t o  man's i n f l u e n c e .  The g e o l o g i s t  on t h e  o t h e r  hand, recog- 
n i z e s  i n  a l l u v i a l  d e p o s i t s  t h e  r i v e r  t e r r a c e s ,  ev idence  of long-term 
ad jus tment  o f  e n t i r e  r i v e r  sys tems t o  t h e  e f f e c t s  o f  change of c l i m a t e ,  
mountain-bui lding p r o c e s s e s ,  and s e a - l e v e l  f l u c t u a t i o n s .  

Equa t ions  developed f o r  s t a b l e  a l l u v i a l  channe l s  demons t ra te  t h a t  
f o r  most changes o f  hydro log ic  regime t h a t  i n v o l v e  b o t h  a change i n  
d i s c h a r g e  and t y p e  of sediment l o a d ,  many a s p e c t s  o f  channe l  morphology 
w i l l  a d j u s t .  I n  a d d i t i o n ,  r e a c t i o n  of a  channel  t o  a l t e r e d  d i s c h a r g e  



and t y p e  of l o a d  may r e s u l t  i n  changes of channel  d imensions  c o n t r a r y  t o  
t h o s e  i n d i c a t e d  by s t a n d a r d  regime e q u a t i o n s .  Tha t  i s ,  it  i s  conceiv-  
a b l e  t h a t  under c e r t a i n  c i rcumstances  w i t h  a  d e c r e a s e  of d i s c h a r g e ,  
d e p t h  w i l l  d e c r e a s e  and width  w i l l  i n c r e a s e .  

Equa t ions  4-6, 4-8,  4-9, 4-14, 4-17,  and 4-19 p r o v i d e  a  b a s i s  f o r  
d i s c u s s i o n  of n a t u r a l  and man-induced changes of r i v e r  morphology. 
R i v e r  ad jus tment  w i t h i n  t h e  framework of t h e s e  e q u a t i o n s  i s  d i s c u s s e d .  
However, f i r s t  it should b e  reemphasized t h a t  t h e s e  e q u a t i o n s  r e s u l t  
from an  a n a l y s i s  of s t a b l e  a l l u v i a l  r i v e r s  t h a t  t r a n s p o r t  o n l y  s m a l l  
q u a n t i t i e s  o f  g r a v e l  and a r e  f o r  t h e  most p a r t  l o c a t e d  i n  subhumid and 
s e m i a r i d  r e g i o n s .  Although t h e  e q u a t i o n s  can be  expec ted  t o  have a  wide 
a p p l i c a t i o n ,  pa ramete rs  must change a s  more d a t a  from a  wider  range  of 
g e o l o g i c  and hydro log ic  c o n d i t i o n s  a r e  accumulated.  T h e r e f o r e ,  t h e  
f o l l o w i n g  t r e a t m e n t  s t r e s s e s  d i r e c t i o n s  of change r a t h e r  t h a n  magnitude.  

Equa t ions  4-2 ,  4-3 ,  4-8 ,  4-9 ,  and 4-16 t o  4-1.8 i n d i c a t e  t h a t  
channel  wid th  b ,  dep th  d ,  and meander wavelength  A a r e  d i r e c t l y  
r e l a t e d  t o  d i s c h a r g e  Q .  Equa t ions  4-14 and 4-15 demons t ra te  t h a t  
g r a d i e n t  S i s  i n v e r s e l y  r e l a t e d  t o  d i s c h a r g e .  From t h e s e  e q u a t i o n s  
t h e  f o l l o w i n g  g e n e r a l i z e d  r e l a t i o n  i s  o b t a i n e d  

E i t h e r  mean annua l  d i s c h a r g e  Qm o r  mean annual  f l o o d  Qrna could  be 
used i n  t h i s  and subsequent  e q u a t i o n s .  Cons iderab le  independen t  i n f o r -  
mat ion i s  a v a i l a b l e  t o  demonstra te  t h a t  t h e  r e l a t i o n s  expressed  by 
Equa t ion  4-20 a r e  v a l i d .  However, e f f e c t s  o f  f l o o d  peaks  a s  d i s c u s s e d  
e a r l i e r  a r e  n o t  i n c l u d e d  i n  t h e s e  r e l a t i o n s  b u t  may w e l l  have t h e  same 
i n f l u e n c e  a s  Qm and Qma. 

Equa t ions  4-8, 4-15, 4-17, and 4-18 demons t ra te  t h a t  channel  w i d t h ,  
meander wavelength ,  and g r a d i e n t  a r e  i n v e r s e l y  r e l a t e d  t o  t h e  t y p e  o f  
sediment  l o a d  M .  Equa t ions  4-9 and 4-19 i n d i c a t e  a  d i r e c t  r e l a t i o n s h i p  
among channe l  d e p t h ,  s i n u o s i t y  P ,  and t y p e  of sediment  l o a d  M .  The 
percen tage  o f  s i l t - c l a y  i n  t h e  p e r i m e t e r  of a  s t a b l e  channe l  r e f l e c t s  
t h e  n a t u r e  o f  sediment  load  moving th rough  t h a t  channe l  t h a t  can b e  
expressed  a s  t h e  pe rcen tage  of t o t a l  l o a d  t h a t  i s  bed l o a d  Q . However, 
f o r  one channel  o r  f o r  channels  o f  s i m i l a r  average  d i s c h a r g e , b ~  p r o b a b l y  
w i l l  v a r y  i n v e r s e l y  w i t h  t h e  q u a n t i t y  o f  bed load  t h a t  moves th rough  t h e  
channel  (Equat ion 4 -7) .  T h e r e f o r e ,  1/Q can  b e  s u b s t i t u t e d  f o r  M i n  
t h e s e  e q u a t i o n s  i f  d i s c h a r g e  i s  c o n s t a n f .  From t h i s  s u b s t i t u t i o n  t h e  
f o l l o w i n g  g e n e r a l i z e d  r e l a t i o n  i s  developed 

Width/depth r a t i o  F  i s  n o t  i n c l u d e d  i n  Equa t ion  4-21 a l t h o u g h  it 
i s  h i g h l y  dependent  on N o r  Qs because  bo th  wid th  and d e p t h  appear  
s e p a r a t e l y .  N e v e r t h e l e s s ,  t h e  r e l a t i o n  between width/  d e p t h  r a t i o  and 
M (Equat ion 4-6) i s  u s e f u l  f o r  i n t e r p r e t i n g  changes of channe l  wid th  
and d e p t h  i n  subsequen t  r e l a t i o n s .  



To d i s c u s s  i n  more d e t a i l  t h e  e f f e c t s  of changing d i s c h a r g e  and 
sediment  l o a d  on channel  morphology, a  p l u s  o r  minus exponent i s  used t o  
i n d i c a t e  how w i t h  an  i n c r e a s e  o f  d i s c h a r g e  o r  bed load  t h e  v a r i o u s  
a s p e c t s  of channel  morphology change. For  t h e  r e l a t i v e l y  s t r a i g h t -  
forward c a s e s  of an  i n c r e a s e  o r  decrease  i n  d i s c h a r g e  o r  bed l o a d  a l o n e ,  
Equa t ions  4-22 th rough  4-25 a r e  o b t a i n e d .  

Q- - - b - ,  d', A', st 

An i n c r e a s e  o r  d e c r e a s e  i n  d i s c h a r g e  a l o n e  cou ld  be caused by 
d i v e r s i o n  o f  wa te r  i n t o  o r  o u t  of a  r i v e r  system o r  c l i m a t e  change.  An 
i n c r e a s e  of Q can r e s u l t  from i n c r e a s e d  e r o s i o n  i n  t h e  catchment a r e a  
induced by d e F o r e s t a t i o n  o r  by a n  i n c r e a s e  i n  t h e  a r e a  under  c u l t i v a -  
t i o n ,  c l i m a t e  change,  o r  u p l i f t .  A d e c r e a s e  of Qs can r e s u l t  from 
improved l and  u s e ,  a  program of s o i l  c o n s e r v a t i o n ,  o r  c l i m a t e  change. 

An i n c r e a s e  o r  d e c r e a s e  i n  d i s c h a r g e  changes t h e  dimensions  of t h e  
channel  and i t s  g r a d i e n t .  An i n c r e a s e  o r  d e c r e a s e  i n  bed l o a d  a t  
c o n s t a n t  mean annua l  d i s c h a r g e  changes n o t  o n l y  channel  d imensions ,  b u t  
a l s o  g r a d i e n t  wid th /dep th  r a t i o  and s i n u o s i t y .  

I n  n a t u r e  however, r a r e l y  does a  change i n  d i s c h a r g e  o r  sediment 
load  occur  a l o n e .  G e n e r a l l y ,  any change i n  d i s c h a r g e  i s  accompanied by 
a  change i n  t y p e  of sediment l o a d  and v i c e  v e r s a .  Under t h e s e  circum- 
s t a n c e s  it should no l o n g e r  be assumed t h a t  M which can have t h e  same 
v a l u e  f o r  b o t h  v e r y  l a r g e  and v e r y  smal l  s t r eams  i s  r e l a t e d  t o  t h e  
r e c i p r o c a l  of because, d i s c h a r g e  i s  changing.  However, changes o f  
average d i s c h a r 3  Q i n  a  r i v e r  a r e  always c o n s i d e r a b l y  l e s s  t h a n  t h e  
o r d e r  o f  magnitude d i f f e r e n c e s  o f  d i s c h a r g e  between l a r g e  and smal l  
r i v e r s .  Hence, it i s  probab le  t h a t  M can be  an  index  of b o t h  t y p e  of 
sediment load  Qb and q u a n t i t y  o f  bed l o a d  Qs i n  a  r i v e r  s u b j e c t  t o  
moderate changes of average  d i s c h a r g e .  

Using t h e  p l u s  o r  minus exponents t o  i n d i c a t e  an i n c r e a s e  o r  
d e c r e a s e  i n  a  v a r i a b l e ,  f o u r  combinations of changing d i s c h a r g e  and 
sediment load  can be  cons idered .  Consider  f o r  example, t h e  c a s e  where 
b o t h  d i s c h a r g e  and bed load  i n c r e a s e ,  perhaps  a s  a  r e s u l t  o f  d i v e r s i o n  
of w a t e r  from a  bed load  channel  i n t o  a  suspended l o a d  channe l .  
Equa t ion  4-26 s u g g e s t s  t h e  n a t u r e  of t h e  r e s u l t i n g  channel  changes.  

Equa t ion  4-19 i n d i c a t e s  t h a t  w i t h  an  i n c r e a s e  of b o t h  d i s c h a r g e  and 
bed l o a d ,  s i n u o s i t y  should d e c r e a s e  and wid th ,  meander wavelength ,  and 
wid th ldep th  r a t i o  should i n c r e a s e .  The i n f l u e n c e s  of i n c r e a s i n g  
d i s c h a r g e  and o f  bed load  on channel  dep th  and g r a d i e n t  a r e  i n  o p p o s i t e  
d i r e c t i o n s  and it i s  n o t  c l e a r  i n  what manner g r a d i e n t  and d e p t h  should 
change. However, by i n c l u d i n g  wid th ldep th  r a t i o  F i n  Equa t ion  4-26 an  



es t ima te  of t h e  d i r e c t i o n  of change of depth can be obta ined .  Width/ 
depth r a t i o  i s  predominantly inf luenced by type  of load (Equation 4-6) 
and the re fo re  i nc reases  i n  Equation 4-26. This  sugges ts  t h a t  depth  w i l l  
remain cons tan t  o r  decrease because both width and widthldepth r a t i o  
i n c r e a s e .  Channel g rad ien t  w i l l  probably inc rease  because s i n u o s i t y  
decreases  thereby  s t r a i g h t e n i n g  the  channel and inc reas ing  i t s  s lope .  

When both  Qs and Q decrease ,  f o r  example a s  a  r e s u l t  of dam 
cons t ruc t ion ,  t h e  reverse  of Equation 4-26 p e r t a i n s :  

When, a s  i s  common i n  na tu re ,  changes i n  Q 
d i r e c t i o n s ,  t h e  fol lowing r e l a t i o n s  a r e  obtained 

(4-27) 

and Q a r e  i n  oppos i t e  
S 

The s i t u a t i o n  expressed i n  Equation 4-28 could r e s u l t  from a 
combination of c o n t r o l s ,  f o r  example dam cons t ruc t ion  wi th  impoundment 
of sediment and d ive r s ion  of water i n t o  t h e  channel from another  source.  
The s i t u a t i o n  expressed by Equation 4-29 could r e s u l t  from increased  
water and land use ,  thereby decreasing d ischarge  and inc reas ing  bed 
load .  Both could r e s u l t  from c l imate  change. 

4 

Equation 4-29 shows t h a t  with an inc rease  i n ,  d i scharge  b u t  a  
decrease  i n  bed load ,  t h e  channel depth and s i n u o s i t y  w i l l  i n c r e a s e  
while g rad ien t  and widthldepth r a t i o  w i l l  decrease .  With an inc rease  i n  
depth and a  decrease i n  widthldepth r a t i o ,  channel width w i l l  probably 
decrease .  Meander wavelength w i l l  remain unchanged o r  w i l l  e i t h e r  
i nc rease  o r  decrease depending on t h e  magnitude of t h e  changes of 
d i scharge  and load.  However, a s  s i n u o s i t y  i n c r e a s e s ,  it seems l i k e l y  
t h a t  meander wavelength would decrease .  

The above r e l a t i o n s  demonstrate q u a l i t a t i v e l y  how channel 
metamorphosis occurs  with changes of d i scharge  and sediment load .  The 
magnitude of t h e  changes of channel c h a r a c t e r i s t i c s  can be es t imated  
through the  use of Equations 4-6, 4-8, 4-9, 4-15, and 4-17 t o  4-19 i f  
t he  magnitudes of t h e  changes of d i scharge  and bed load o r  channel 
s i l t - c l a y  content  a r e  known (Schumm, 1969, 1977). 

S i g n i f i c a n t l y  d i f f e r e n t  channel dimensions, shapes ,  and p a t t e r n s  
a s soc i a t ed  wi th  d i f f e r e n t  q u a n t i t i e s  of d i scharge  and bed load i n d i c a t e  
t h a t  a s  t hese  independent v a r i a b l e s  change, major adjustments  of channel 
morphology can be a n t i c i p a t e d .  When changes of channel width and depth ,  
a s  we l l  a s  of s i n u o s i t y  and meander wavelength, a r e  requi red  t o  
compensate f o r  a  hydrologic  change then  a  long per iod  of channel 
i n s t a b i l i t y  can be a n t i c i p a t e d  wi th  cons iderable  bank e ros ion  and 
l a t e r a l  s h i f t i n g  of t h e  channel occurr ing  before  s t a b i l i t y  i s  r e s t o r e d .  

Hor izonta l  I n s t a b i l i t y  

Hor izonta l  i n s t a b i l i t y  of a  r i v e r  may t ake  two forms, avu l s ion  and 
p a t t e r n  change. Avulsion i s  t h e  s h i f t  of t he  channel from one p a r t  o f  



t h e  v a l l e y  t o  a n o t h e r  by development of a  new course .  P a t t e r n  change 
can be  due t o  c u t o f f s  t h a t  reduce channel  s i n u o s i t y  o r  t o  growth of 
meanders. 

P a t t e r n  V a r i a b i l i t v  

The same r i v e r  may have p a t t e r n s  rang ing  from e s s e n t i a l l y  s t r a i g h t  
t o  v e r y  meandering and even b r a i d e d .  V a r i a t i o n s  o f  p a t t e r n  between 
r i v e r  systems can be exp la ined  by d i f f e r e n c e s  i n  g e o l o g i c  h i s t o r y  o f  t h e  
systems and by d i f f e r e n c e s  i n  wa te r  d i s c h a r g e  and sediment  l o a d .  
However, v a r i a t i o n s  of s i n u o s i t y  a long  one r i v e r  t h a t  i s  presumably 
t r a n s p o r t i n g  c o n s t a n t  sediment load  a t  a  c o n s t a n t  d i s c h a r g e  a r e  l e s s  
r e a d i l y  e x p l a i n e d .  I f  an  i n c r e a s e  of s i n u o s i t y  i s  one means by which 
t h e  g r a d i e n t  o f  a  r i v e r  i s  reduced, a  s e r i o u s  problem a r i s e s .  How can a  
r i v e r  remain s t a b l e  w i t h  e s s e n t i a l l y  c o n s t a n t  w a t e r  and sediment 
d i s c h a r g e ,  i f  i t s  g r a d i e n t  changes from reach  t o  reach?  Such a  s i t u a -  
t i o n  appears  t o  i n v a l i d a t e  t h e  w e l l - e s t a b l i s h e d  regime e q u a t i o n s  t h a t  
r e l a t e  g r a d i e n t  t o  d i s c h a r g e  and sediment l o a d .  

' The answer appears  t o  be t h a t  i n  many c a s e s  g r a d i e n t  v a r i e s  on ly  
s l i g h t l y  b u t  s l o p e  of t h e  v a l l e y  f l o o r  on which t h e  r i v e r  f lows v a r i e s  
s i g n i f i c a n t l y .  Tha t  i s ,  w i t h i n  a  v a l l e y  t h e r e  a r e  reaches  of v a l l e y  
f l o o r  t h a t  a r e  s t e e p e r  and g e n t l e r  t h a n  t h e  average  g r a d i e n t .  To 
m a i n t a i n  a  r e l a t i v e l y  c o n s t a n t  g r a d i e n t  t h e  r i v e r  l e n g t h e n s  i t s  course  
by meandering on t h e  s t e e p e r  r e a c h e s .  Thus,  i f  o t h e r  c a u s e s  a r e  elimi- 
n a t e d ,  h i g h  s i n u o s i t y  reaches  of a  channel  shou ld  r e f l e c t  a s t e e p e r  
v a l l e y  s l o p e  and v i c e  v e r s a .  

F i g u r e  4-30 shows t h a t  t h e  s i n u o s i t y  of t h e  M i s s i s s i p p i  R iver  
v a r i e s  w i t h  v a l l e y  s l o p e .  Data used t o  p r e p a r e  F i g u r e  4-18 were 
o b t a i n e d  from t h e  1911 t o  1915 survey  of t h e  M i s s i s s i p p i  R i v e r  between 
C a i r o ,  I l l i n o i s ,  and Head of P a s s e s ,  Lou is iana ,  a  r i v e r  d i s t a n c e  o f  1020 
m i l e s .  T h i s  o l d  su rvey  was used because  i t  prov ided  i n f o r m a t i o n  on t h e  
r i v e r  b e f o r e  a r t i f i c i a l  c u t o f f s  shor tened  t h e  r i v e r  by abou t  150 m i l e s .  
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F i g u r e  4-30. R e l a t i o n  between v a l l e y  s l o p e  and s i n u o s i t y  f o r  t h e  
M i s s i s s i p p i  R iver  between C a i r o ,  I l l i n o i s  and Head o f  
P a s s e s ,  Lou is iana .  Data was o b t a i n e d  from 1911 t o  1915 
surveys  b e f o r e  m o d i f i c a t i o n  o f  t h e  channel  p a t t e r n s  by 
a r t i f i c i a l  c u t o f f s .  (From Schumm e t  a l .  1972.)  



Although t h e  s c a t t e r  i s  l a r g e ,  t h e  lowes t  s i n u o s i t y  e v i d e n t l y  
o c c u r s  on t h e  g e n t l e s t  v a l l e y  s l o p e s  ( l e f t  s i d e  o f  p l o t ) ,  which i s  
c h a r a c t e r i s t i c  o f  t h e  lower 200 m i l e s  o f  r i v e r .  Low v a l u e s  o f  s i n u o s i t y  
a t  t h e  s t e e p e s t  v a l l e y  s l o p e s  occur  where n a t u r a l  c h u t e  c u t o f f s  have 
developed and t h e  f low now d i v i d e s  around l a r g e  i s l a n d s .  

I t  shou ld  b e  emphasized t h a t  l e n g t h  and s i n u o s i t y  of meandering 
r i v e r s  change n a t u r a l l y  a s  meander loops  a r e  e n l a r g e d  and t h e n  c u t  o f f .  
Thus,  a long  a  g iven  r e a c h  of a  meandering r i v e r  s i n u o s i t y  v a r i e s  abou t  a  
mean w i t h  t ime  e x p l a i n i n g  much of  t h e  s c a t t e r  i n  F i g u r e  4-30. For  
example, t h e  v e r y  low p o i n t  ( s l o p e  o f  0 .009 ,  s i n u o s i t y  o f  1 . 2 )  r e p r e -  
s e n t s  a  r e a c h  n o r t h  o f  Memphis, Tennessee where s e v e r a l  c u t o f f s  
occur red  n a t u r a l l y  d u r i n g  t h e  l a t e  1 9 t h  c e n t u r y .  

The h i g h e s t  p o i n t s  r e p r e s e n t  a  r e a c h  i n  which a  l a r g e  bend i s  
p reven ted  from c u t t i n g  o f f  by a  bedrock c o n t r o l .  Without human i n t e r -  
f e r e n c e  s i n u o s i t y  o f  v e r y  s inuous  reaches  w i l l  d e c r e a s e  because  of c u t -  
o f f s .  S i n u o s i t y  of t h e  reach  n o r t h  of Memphis shou ld  however i n c r e a s e  
a s  new bends develop and e n l a r g e .  

Research by Lane (1957) and Leopold and Wolman (1957) i n d i c a t e s  
t h a t  t h e r e  i s  a g r a d i e n t  o r  d i s c h a r g e  t h r e s h o l d  above which r i v e r s  t e n d  
t o  be  b r a i d e d  ( F i g u r e s  4-31 and 4-32) .  Exper imental  work r e p o r t e d  by 
Schumm and Khan (1972) shows t h a t  f o r  a  g iven  d i s c h a r g e ,  a s  v a l l e y  f l o o r  
s l o p e  is  p r o g r e s s i v e l y  i n c r e a s e d ,  a  s t r a i g h t  r i v e r  becomes s inuous  and 
t h e n  e v e n t u a l l y  b r a i d e d  a t  h i g h  v a l u e s  of s t ream power and sediment  
t r a n s p o r t  (F igure  4-33).  R i v e r s  t h a t  a r e  s i t u a t e d  c l o s e  t o  t h e  meander- 
ing-bra ided  t h r e s h o l d  should have a  h i s t o r y  c h a r a c t e r i z e d  by t r a n s i t i o n s  
i n  morphology from bra ided  t o  meandering and v i c e  v e r s a .  
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F i g u r e  4-31. L a n e ' s  (1957) r e l a t i o n  between channe l  p a t t e r n s ,  channe l  
g r a d i e n t ,  and mean d i s c h a r g e .  The r e g r e s s i o n  l i n e s  were 
f i t t e d  t o  d a t a  from s t reams  t h a t  Lane c l a s s i f i e d  a s  
h i g h l y  meandering t o  b r a i d e d .  L e t t e r s  B and M i d e n t i f y  
p o s i t i o n  o f  t h e  b r a i d e d  and meandering r e a c h e s  o f  t h e  
Chippewa River  (From Schumm and Bea thard ,  1976) .  
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Figure 4-32. Leopold and Wolman's (1957) relation between channel 
patterns, channel gradient, and bankfull discharge. 
Letters B and M identify braided and meandering reaches 
of Chippewa River. Letters K and W refer to Kowhai and 
Wairau Rivers (From Schunun and Beathard, 1976). 
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I n  most c a s e s  it i s  d i f f i c u l t  t o  de te rmine  i f  a  r i v e r  i s  
s u s c e p t i b l e  t o  t h e  t y p e  o f  t r e a t m e n t  d i s c u s s e d  i n  t h e  p r e c e d i n g  sec -  
t i o n s .  Perhaps  t h e  b e s t  q u a l i t a t i v e  guide  t o  r i v e r  s t a b i l i t y  i s  a  
comparison of t h e  morphology of numerous reaches  and d e t e r m i n a t i o n  of 
change i n  t h e  p o s i t i o n  o f  morphology of t h e  channel  d u r i n g  t h e  l a s t  few 
c e n t u r i e s .  Another approach might be  t o  de te rmine  p o s i t i o n  of t h e  r i v e r  
on t h e  Leopold-Wolman (1957) o r  Lane (1957) g r a d i e n t - d i s c h a r g e  g raphs  
( F i g u r e s  4-31 and 4-32) .  I f  a  b r a i d e d  r i v e r  p l o t s  among t h e  meandering 
channe l s  o r  v i c e  v e r s a  it i s  a  l i k e l y  c a n d i d a t e  f o r  change because  it i s  
u n s t a b l e .  

An example of t h e  method by which t h i s  may b e  accomplished i s  
p rov ided  by t h e  Chippewa River  of Wisconsin a  major t r i b u t a r y  t o  t h e  
M i s s i s s i p p i  R i v e r  (Schumm and Beathard,  1976) .  The Chippewa R i v e r  r i s e s  
i n  n o r t h e r n  Wisconsin and flows 320 km t o  t h e  M i s s i s s i p p i  R i v e r  e n t e r i n g  
120 km below S t .  P a u l .  I t  i s  t h e  second l a r g e s t  r i v e r  i n  Wisconsin w i t h  
a  d r a i n a g e  b a s i n  a r e a  of 24,600 s q u a r e  km. 

From i t s  conf luence  w i t h  t h e  M i s s i s s i p p i  t o  t h e  town o f  Durand 26.5  
km up t h e  v a l l e y ,  t h e  Chippewa i s  b r a i d e d .  The main channe l  i s  charac -  
t e r i s t i c a l l y  broad and sha l low and c o n t a i n s  s h i f t i n g  sand b a r s .  
B a n k f u l l  wid th  a s  measured from U.S. Geolog ica l  Survey t o p o g r a p h i c  maps 
i s  333 m .  S i n u o s i t y  of t h i s  r each  i s  low (on ly  1 . 0 6 ) .  However, i n  t h e  
68 km r e a c h  from Durand t o  Eau C l a i r e  t h e  Chippewa R i v e r  a b r u p t l y  
changes t o  a  meandering c o n f i g u r a t i o n  w i t h  a  b a n k f u l  wid th  o f  194 m and 
s i n u o s i t y  o f  1 . 4 9 .  The b r a i d e d  reach  has  a  channel  g r a d i e n t  of -00033 
and t h e  meandering r e a c h  has  a  g r a d i e n t  of .00028. 

F i g u r e  4-33. R e l a t i o n  between flume s l o p e  and s i n u o s i t y  ( r a t i o  of 
channel  l e n g t h  t o  l e n g t h  of flume o r  l e n g t h  of v a l l e y )  
d u r i n g  exper iments .  The change from a  s t r a i g h t  t o  a  
s inuous  p a t t e r n  and from a  s inuous  t o  a  b r a i d e d  p a t t e r n  
o c c u r s  a t  two t h r e s h o l d  s l o p e s .  Abso lu te  v a l u e  o f  
s l o p e  a t  which such changes occur  w i l l  b e  i n f l u e n c e d  by 
d i s c h a r g e .  Discharge was main ta ined  a t  0 .15 c f s  d u r i n g  
t h e  exper iments  ( A f t e r  Schumm and Khan, 1972) .  



The r e l a t i o n s  d e s c r i b e d  by Leopold and Wolman (1957) and Lane 
(1957) p rov ide  a  means of e v a l u a t i n g  t h e  r e l a t i v e  s t a b i l i t y  o f  modern 
channel  p a t t e r n s  of t h e  Chippewa R i v e r .  Bankfu l l  d i s c h a r g e  was p l o t t e d  
a g a i n s t  channel  s l o p e  i n  F i g u r e  4-32 f o r  b o t h  t h e  b r a i d e d  and t h e  
meandering reaches  o f  t h e  Chippewa. The v a l u e  used f o r  b a n k f u l l  
d i s c h a r g e  i s  1503 cms, (53,082 c f s )  which i s  t h e  f l o o d  d i s c h a r g e  having 
a  r e t u r n  p e r i o d  of 2 .33  y e a r s .  The b r a i d e d  reach  p l o t s  h i g h e r  t h a n  t h e  
meandering reach  b u t  b o t h  a r e  w e l l  w i t h i n  t h e  meandering zone d e f i n e d  by 
Leopold and Wolman. Th is  s u g g e s t s  t h a t  t h e  b r a i d e d  r e a c h  i s  anomalous. 
That i s ,  accord ing  t o  t h i s  r e l a t i o n  t h e  lower Chippewa i s  expec ted  t o  
d i s p l a y  a  meandering p a t t e r n  r a t h e r  t h a n  a  b r a i d e d  one. Even when t h e  
25-year f l o o d  o f  98,416 c f s  i s  used ,  t h e  b r a i d e d  reach  s t i l l  p l o t s  
w i t h i n  t h e  meandering r e g i o n  o f  F i g u r e  4-32. 

When Chippewa d a t a  a r e  p l o t t e d  on Lane 's  graph ( F i g u r e  4-31) ,  t h e  
same r e l a t i o n  e x i s t s .  The Chippewa f a l l s  i n  t h e  i n t e r m e d i a t e  r e g i o n  b u t  
w i t h i n  t h e  range of s c a t t e r  about  t h e  r e g r e s s i o n  l i n e  f o r  meandering 
s t r e a m s .  Again t h e  b r a i d e d  reach  i s  s e e n  t o  be anomalous because  it 
p l o t s  c l o s e r  t o  o r  above t h e  b r a i d e d  s t ream r e g r e s s i o n  l i n e .  P o s i t i o n  
of t h e  b r a i d e d  reach a s  p l o t t e d  on b o t h  f i g u r e s ,  i n d i c a t e s  t h a t  t h i s  
r each  should be  meandering and h i s t o r i c a l  s t u d i e s  r e v e a l  t h a t  i t  had a  
s i n u o s i t y  of about  1 . 3  i n  t h e  l a t e  1 8 t h  c e n t u r y  b u t  an  a v u l s i o n  changed 
t h e  p o s i t i o n  and p a t t e r n  of t h e  channel .  

I t  appears  t h a t  t h e  lower Chippewa has n o t  been a b l e  t o  a d j u s t  a s  
y e t  t o  i t s  new p o s i t i o n  and s t e e p e r  g r a d i e n t ,  and t h e  r e s u l t i n g  bed and 
bank e r o s i o n  has  s u p p l i e d  l a r g e  amounts of sediment  t o  t h e  M i s s i s s i p p i .  
Normal c o n f i g u r a t i o n  of t h e  lower Chippewa i s  s inuous  and i f  it could be 
induced t o  assume such a  p a t t e r n ,  h igh  sediment d e l i v e r y  from t h e  
Chippewa could  be  c o n t r o l l e d .  An a p p r o p r i a t e  means of channe l  s t a b i l i -  
z a t i o n  and sediment load  r e d u c t i o n  i n  t h i s  c a s e  i s  t h e  development of a  
s inuous  channe l .  

S i n c e  t h e  above s u g g e s t i o n s  were made (Schumm and Bea thard ,  1976) ,  
more d e t a i l e d  s t u d i e s  of t h e  Chippewa River  b a s i n  i n d i c a t e  t h a t  upstream 
sediment p roduc t ion  must be  c o n t r o l l e d  e s p e c i a l l y  where t h e  upper 
Chippewa River  i s  c u t t i n g  i n t o  t h e  P l e i s t o c e n e  outwash t e r r a c e s .  I f  
c o n t r i b u t i o n  of sediment from t h e s e  s o u r c e s  were reduced,  t h e  lower 
Chippewa cou ld  resume a  s inuous  c o u r s e .  

An i n d i c a t i o n  t h a t  t h e  p a t t e r n  convers ion  o f  t h e  Chippewa cou ld  b e  
s u c c e s s f u l  i f  t h e  upstream sediment s o u r c e s  were c o n t r o l l e d  i s  provided 
by t h e  R a n g i t a t a  River  of New Zealand (Schumm, 1979) .  The R a n g i t a t a  
River  is  t h e  southernmost  o f  t h e  major r i v e r s  t h a t  t r a v e r s e  t h e  
Canterbury P l a i n s  of t h e  South I s l a n d .  I t  l e a v e s  t h e  mountains through 
a  bedrock gorge .  Above t h e  gorge t h e  v a l l e y  o f  t h e  R a n g i t a t a  i s  b r a i d e d  
and it appears  t h a t  t h e  R a n g i t a t a  should  be a  b r a i d e d  s t ream below t h e  
gorge a s  a r e  a l l  t h e  o t h e r  r i v e r s  t h a t  c r o s s  t h e  Canterbury P l a i n .  
However, below t h e  gorge t h e  R a n g i t a t a  i s  meandering. A few m i l e s  
f a r t h e r  downstream, t h e  r i v e r  c u t s  i n t o  h igh  P l e i s t o c e n e  outwash 
t e r r a c e s  and a b r u p t l y  c o n v e r t s  from a  meandering t o  a  b r a i d e d  s t ream.  
The b r a i d e d  p a t t e r n  p e r s i s t s  t o  t h e  s e a .  I f  t h e  R a n g i t a t a  could  be 
i s o l a t e d  from t h e  g r a v e l  t e r r a c e s ,  it probab ly  could  be conver ted  t o  a  
s ing le - tha lweg  s inuous  channel  because t h e  R a n g i t a t a  i s  obv ious ly  a  
r i v e r  n e a r  t h e  p a t t e r n  t h r e s h o l d .  



Other New Zealand r i v e r s  a r e  near t he  p a t t e r n  th re sho ld ,  and 
t h e r e f o r e  a r e  s u s c e p t i b l e  t o  p a t t e r n  change. I n  f a c t ,  New Zealand 
engineers  a r e  at tempting t o  accomplish t h i s  p a t t e r n  change i n  o rde r  t o  
produce a  "s ingle- thread"  channel which w i l l  reduce f lood  damage and be 
l e s s  l i k e l y  t o  acqui re  l a r g e  sediment loads  from t h e i r  banks and t e r -  
r aces .  For example the  Wairau River ,  a  major bra ided  s t ream, has been 
converted from uncont ro l led  braided mode t o  a  s l i g h t l y  sinuous s i n g l e -  
thalweg, r e l a t i v e l y  more s t a b l e  channel (Pascoe, 1976).  Inc rease  i n  
s i n u o s i t y  i s  only from 1 . 0  t o  1 .05 ,  and was accomplished by cons t ruc t ion  
of curved t r a i n i n g  banks. On Figure 4-32 t h e  Wairau River  p l o t s  c l o s e  
t o  t h e  th re sho ld  l i n e  and with reduct ion  of sediment load produced by 
bank s t a b i l i z a t i o n  it appears  t h a t  t he  p a t t e r n  threshold  can be success-  
f u l l y  c rossed .  

Fa r the r  t o  t h e  south  near  Kaikoura, t h e  Kawhai River is  be ing  
modified i n  t h e  same manner a s  t h e  Wairau (Thomson and MacArthur, 1968).  
Whereas much of t h e  sediment load i n  t h e  Wairau River  i s  der ived  from 
bank and t e r r a c e  e ros ion  t h a t  can be c o n t r o l l e d ,  high sediment loads a r e  
de l ive red  t o  t h e  Kawhai River d i r e c t l y  from s t e e p  and uns t ab le  mountain 
s lopes .  On Figure  4-32 t h e  Kowhai River  p l o t s  w e l l  above t h e  th re sho ld  
l i n e  and without  a  major reduct ion  i n  upstream sediment,  it may be 
d i f f i c u l t  t o  maintain a  s ingle- thalweg channel a t  t h i s  l o c a t i o n .  

V a r i a b i l i t y  of t h e  Rangitata  River  p a t t e r n  i n d i c a t e s  t h a t  bra ided  
s ingle- thalweg conversions should be poss ib l e  f o r  t h e  Chippewa and 
Wairau Rivers .  However, no t  a l l  braided r i v e r s  can be so r e a d i l y  
modified, a s  t h i s  depends on t h e i r  p o s i t i o n  wi th  regard t o  t h e  p a t t e r n  
th re sho lds  on Figures  4-31, 4-32 and 4-33. 

This  geomorphic approach t o  channel eva lua t ion  and management 
deserves f u r t h e r  cons idera t ion .  Consider t h e  s i n u o s i t y  of an i d e a l i z e d  
r i v e r  t h a t  flows a t  cons tan t  d i scharge  over a  h ighly  v a r i a b l e  a l l u v i a l  
v a l l e y  s lope  (Figure 4-34).  A t  p o s i t i o n  1 t h e  channel has  j u s t  s u f f i -  
c i e n t  v e l o c i t y  t o  move i t s  sediment load and f u r t h e r  decrease  i n  s lope  
by a  s i n u o s i t y  i nc rease  would cause aggrada t ion .  Therefore t h e  channel 
by n e c e s s i t y  remains s t r a i g h t .  A t  A t h e  t h re sho ld  between s t r a i g h t  and 
meandering channels i s  crossed a t  a  r e l a t i v e  s lope  of 2 .  The l i n e  A-A' 
i n d i c a t e s  the  s i n u o s i t y  a t  which channel g rad ien t  i s  2 ,  a s  s i n u o s i t y  
i nc reases  with v a l l e y  s lope .  Assuming t h a t  a t  a  v a l l e y  s lope  of 2 t h e  
channel must be s t r a i g h t  t o  t r a n s p o r t  i t s  sediment load a t  a  g r a d i e n t  of 
2 ,  a t  p o s i t i o n  2  t h e  maximum s i n u o s i t y  t h a t  can be achieved i s  1 .25 
because a t  a  h igher  s i n u o s i t y  t he  channel g rad ien t  i s  l e s s  t han  2 .  A t  
t h i s  p o s i t i o n  s i n u o s i t y  can range between 1 . 0  and 1 . 2 5 ,  and t h e  channel 
could be s t r a i g h t e n e d  wi th  l i t t l e  channel response because t h e  i n c r e a s e  
of g rad ien t  would be s l i g h t  a s  s i n u o s i t y  i s  decreased.  A t  p o s i t i o n  3  a  
s i n u o s i t y  of 1 . 7  i s  p o s s i b l e .  Theore t i ca l ly ,  it should be p o s s i b l e  f o r  
s i n u o s i t y  t o  achieve t h i s  va lue  and s t i l l  t r a n s p o r t  t h e  sediment load  
bu t  p r a c t i c a l l y  it w i l l  no t  be poss ib l e  a s  t h e  p a t t e r n  roughness of t h e  
channel i nc reases  wi th  increased  s i r luos i ty .  Therefore ,  t h e  flow 
v e l o c i t y  w i l l  b e  decreased (Chow, 1959, p .  l o g ) ,  and maximum s i n u o s i t y  
w i l l  be l e s s  than  t h a t  suggested by l i n e  A - A ' .  The curve X , Y , Z  shows 
what may be optimum s i n u o s i t y .  The shape i s  obviously based on 
experimental  r e s u l t s  (Figure 4-34). 



Figure 4-34. Diagram based on Figure 4-33 showing possible range 
of sinuosity with changes of relative valley slope. 
Vertical lines indicate the range of sinuosity at a 
given position on curve X , Y , Z .  
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A considerable range of sinuosity is possible at position 3. The 
channel can be meandering or straight and depending on sinuosity the 
gradient' of the channel will be as steep as the valley slope 3.5 when 
the channel is, straight 3c or gentler 2.0, when channel sinuosity is 
1.75 position 3a. If the average curve X,Y,Z indicates optimum 
sinuosity at a given valley slope, then it is clear that the channel 
with a sinuosity well above this value probably is unstable and will by 
cutoffs revert toward a sinuosity of about 1.5 (position 3a to 3b). A 
straight channel at the same valley slope will develop a sinuous course 
in order to reduce its gradient (position 3c to 3b). The channel at 
position 3c will undoubtedly have a higher sediment load than the 
channels at positions 3a and 3b because it will be eroding its channel 
and banks. 
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The river engineer should carefully examine variations of sinuosity 
along a river. Where sinuosity is abnormally high and other factors 
such as tributary influences and valley slope changes can be eliminated, 
a program of alignment by selective meander cutoffs may improve chaqnel 
stability as it is shifted from position 3a to 3b (Figure 4-34). On the 
other hand, when sinuosity is abnormally low, a shift from position 3c 
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t o  3b w i l l  be  b e n e f i c i a l  and p robab ly  can be  ach ieved  by p l a c i n g  o f  
d i k e s  o r  o t h e r  s t r u c t u r e s  t h a t  induce a  s i n u o s i t y  i n t o  t h e  c h a n n e l .  
Perhaps  t h i s  can be  achieved by i n c r e a s i n g  roughness w i t h  a r t i f i c i a l  
r i f f l e s  ( K e l l e r ,  1975). 

A t  p o s i t i o n  4  i n  t h e  t r a n s i t i o n  zone between meandering and b r a i d e d  
it may b e  p o s s i b l e  t o  s h i f t  t h e  t h r e s h o l d  zone t o  t h e  r i g h t  ( Y - Y ' - Z )  by 
u t i l i z i n g  s t r u c t u r a l  c o n t r o l s  t h a t  reduce v e l o c i t y  and s t ream power,  
t h e r e b y  f o r c i n g  a  d i v i d e d  f low o r  a  b r a i d e d  channel  i n t o  t h e  meandering 
mode. Hence, a t  p o s i t i o n  4 a  channel  may s h i f t  between meandering and 
b r a i d e d  depending on d i s c h a r g e  and sediment  l o a d  v a r i a t i o n s .  A t  p o s i -  
t i o n  5 t h e  v a l l e y  s l o p e  may be  t o o  s t e e p  and sediment  l o a d s  t o o  g r e a t  
f o r  t h e  channel  t o  be  any th ing  b u t  s t r a i g h t  and man-induced c o n t r o l s  can 
n o t  be e f f e c t i v e  i n  m a i n t a i n i n g  a  s inuous  channel  a t  t h i s  p o s i t i o n  on 
F i g u r e  4-34. 

The s u g g e s t i o n  made h e r e  i s  t h a t  i f  one can i d e n t i f y  t h e  range o f  
p a t t e r n s  a l o n g  a  r i v e r ,  t h e n  w i t h i n  t h a t  range t h e  most a p p r o p r i a t e  
channe l  p a t t e r n  and s i n u o s i t y  p robab ly  can be i d e n t i f i e d .  Th.us, t h e  
e n g i n e e r  can work w i t h  t h e  r i v e r  t o  produce i t s  most e f f i c i e n t  o r  most 
s t a b l e  channe l .  Obviously ,  a  r i v e r  can be f o r c e d  i n t o  a  s t r a i g h t  con- 
f i g u r a t i o n  o r  made more s inuous  b u t  t h e r e  i s  a  l i m i t  t o  t h e  changes t h a t  
can be induced beyond which t h e  channe l  cannot  f u n c t i o n  w i t h o u t  a  
r a d i c a l  morphologic ad jus tment  a s  sugges ted  by F i g u r e  4-34. These 
l i m i t s  p robab ly  can b e  determined by t h e  use  of sediment  t r a n s p o r t  
e q u a t i o n s  b u t  i n  e s s e n c e  t h e  approach t o  channel  c o n t r o l  p r e s e n t e d  h e r e  
i s  geomorphic and based on t h e  t h r e s h o l d  concep t .  

V e r t i c a l  I n s t a b i l i t y  

I n  a d d i t i o n  t o  t h e  p a t t e r n  changes o r  h o r i z o n t a l  i n s t a b i l i t y  
d i s c u s s e d  i n  t h e  l a s t  s e c t i o n ,  scour  and f i l l  of  c h a n n e l s  o r  v e r t i c a l  
i n s t a b i l i t y  a l s o  produces  major channel  c o n t r o l  problems and l e a v e s  a  
complex record  f o r  s t r a t i g r a p h i c  and sed imento log ic  i n t e r p r e t a t i o n .  

High sediment  l o a d s  can a l s o  cause  l o c a l  d e p o s i t i o n  o r  p l u g g i n g  o f  
a  channe l  w i t h  subsequent  b a c k f i l l i n g  upst ream and i n  f a c t  t h i s  seems t o  
be  t h e  dominant p r o c e s s  i n  s e m i a r i d  and a r i d  r e g i o n s .  Local  b a s e l e v e l  
c o n t r o l  caused by d e p o s i t i o n  i n  t h e  channel  d i v e r t s  t h e  f low,  g r a d i e n t  
i s  reduced l o c a l l y ,  and d e p o s i t i o n  moves p r o g r e s s i v e l y  upst ream.  There  
can be  s e v e r a l  s i tes of d e p o s i t i o n  of t h i s  t y p e  i n  a  l a r g e  v a l l e y  and 
l o c a l  b a c k f i l l i n g  above each e v e n t u a l l y  produce a  con t inuous  s u r f a c e  o f  
d e p o s i t i o n .  

During a  s t u d y  o f  d e p o s i t i o n  of ephemeral-s t ream channe l s  i n  t h e  
w e s t e r n  Uni ted S t a t e s  it was concluded t h a t  t h e  n a t u r e  of sediment  moved 
th rough  and d e p o s i t e d  i n  t h e  channe l  s t r o n g l y  i n f l u e n c e d  t h e  p r o c e s s e s  
of d e p o s i t i o n  and t h e  n a t u r e  of channel  e r o s i o n  (Schunun, 1961).  F o r  
example i n  sediment  c o n t a i n i n g  a  l a r g e  p e r c e n t a g e  of s i l t  and c l a y ,  
e r o s i o n  p r i m a r i l y  by v e r t i c a l  i n c i s i o n  produced a  deep narrow t r e n c h .  
However i n  sandy sed iment ,  bank e r o s i o n  and channel  widening t o o k  p l a c e .  
The major d i f f e r e n c e  was change from i n c i s i o n  t o  l a t e r a l  e r o s i o n .  



Field observations of actively aggrading channels of ephemeral 
streams formed the basis for the preparation of Figure 4-35. In the 
figure generalized cross sections of filled channels are presented. 
Channels shown in the figure were not observed in cross section. Never- 
theless, the downstream changes in channel shape and sediment character 
in the backfilling channels gave a good indication of probable appear- 
ance of channels in section. Differences in stratification appear to be 
related to differences in type of sediment produced in the study areas. 
The following discussion of active channel aggradation, as studied in 
four areas in which channel deposition was typical of that sketched in 
Figure 4-35, explains the differences in channel-fill stratification. 

In the Sage Creek, South Dakota channel (Figure 4-35a) the 
percentage of silt-clay at the stable cross sections M was about 67 
since Sage Creek drained an area of siltstone and claystone. Deposition 
occurred initially around slump blocks that had fallen into the channel. 
The highly cohesive sediment was not immediately swept away because 
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Figure 4-35. Channel-fill deposits in ephemeral-stream channels. (From 
Schumm, 1960.) 

of its resistance to disintegration. As deposition continued it was 
greatest on the channel sides causing narrowing of the channel. 

In the Sand Creek, Nebraska area (Figure 4-35b) the percentage of 
silt-clay at the stable channel sections was 20, reflecting the sandy 
nature of the shales exposed in the drainage area. As deposition began 
the sand was deposited in essentially horizontal layers on the floor of 
the channel and as this coarser material was deposited the percentage 
of silt-clay increased downstream. The amount of finer sediment in the 
channel increased in a downstream direction and lateral deposition 
became important as the channel filled. The two types of deposition 
continued contemporaneously, fines on the banks and coarser sediments on 



t h e  f l o o r  of t h e  channel  b u t  i n  t h e  b t e r  s t a g e s  o f  f i l l i n g  a l l  t h e  
d e p o s i t e d  m a t e r i a l  was s i l t - c l a y .  H o r i z o n t a l l y  s t r a t i f i e d  sands  were 
r e s t r i c t e d  t o  t h e  lower p a r t  of t h e  f i l l  and p r o g r e s s i v e l y  toward t h e  
c e n t e r  n e a r  t h e  t o p  of t h e  f i l l  (F igure  4-35b).  T h i s  d e p o s i t i o n  p ro-  
duces  a f ining-upward sequence t h a t  i s  t h e  r e s u l t  of sediment  s o r t i n g  i n  
t h e  channe l .  A s  b a c k f i l l i n g  occurs  t h e  c o a r s e r  sed iments  a r e  d e p o s i t e d  
f u r t h e r  upst ream d u r i n g  each f l o o d  e v e n t .  The r e s u l t  i s  a d e p o s i t  of  
t h e  t y p e  shown i n  F i g u r e  4-36. 

O Sand 
fZZi G r o v e l  

F i g u r e  4-36. L o n g i t u d i n a l  s e c t i o n  through a l l u v i a l  d e p o s i t  formed by 
b a c k f i l l i n g ,  showing development o f  graded bedding due 
t o  upstream s h i f t  of  d e p o s i t i o n a l  u n i t s .  

I n  t h e  Arroyo Ca labasas ,  New Mexico channel  t h a t  d r a i n s  a n  a r e a  
of c o a r s e  T e r t i a r y  a l luv ium,  channel  s i l t - c l a y  was l e s s  t h a n  10 p e r c e n t .  
The channe l  f i l l e d  from bottom t o  t o p  (F igure  4-35c) and s t r a t i f i c a t i o n  
was r e l a t i v e l y  h o r i z o n t a l .  The Medano Creek,  Colorado channe l  is 600 
f e e t  wide and it r e c e i v e s  an  abundant supp ly  o f  a e o l i a n  sand from t h e  
Grea t  Sand Dunes. Convex s u r f a c e  of d e p o s i t i o n  were no ted  i n  t h i s  wide 
sandy channel  ( F i g u r e  4-35d) .  During t h e  s t u d y  w a t e r  was f lowing  over  
a w i d t h  o f  100 t o  150 f e e t  on a p a r t  o f  t h e  channe l  c r o s s  s e c t i o n  l y i n g  
a t  a n  a l t i t u d e  s e v e r a l  f e e t  above t h e  lowes t  p a r t  o f  t h e  channe l .  I n  
wide sandy channe l s  o r  on f l o o d p l a i n s  where w a t e r  l o s s  i n t o  t h e  f i l l  i s  
g r e a t  t h a t  p a r t  of t h e  channel  .on which w a t e r  i s  f l o w i n g  may be  r a i s e d  
by d e p o s i t i o n .  R e s u l t i n g  f i l l  may appear  i n  s e c t i o n  a s  a s e r i e s  of 
o v e r l a p p i n g  c o n v e x i t i e s  u n l e s s  p laned f l a t  by subsequen t  h i g h  f l o o d  
f lows .  

I n  summary, t y p e  o f  s t r a t i f i c a t i o n  exposed i n  a c h a n n e l - f i l l  
d e p o s i t  may be  dependent t o  a l a r g e  e x t e n t  on sediment  c h a r a c t e r .  
F ine-gra ined  cohes ive  sed iments  t end  t o  adhere  t o  t h e  channel  banks 
forming concave s t r a t i f i c a t i o n .  Noncohesive sed iments  a r e  d e p o s i t e d  
d i r e c t l y  on t h e  channe l  f l o o r  caus ing  h o r i z o n t a l  s t r a t i f i c a t i o n  i n  t h e  
f i l l .  Even convex s t r a t i f i c a t i o n  can be  formed by a s t r e a m  occupying 
o n l y  p a r t  of a wide sandy channe l  a s  i t  b u i l d s  up bed.  

A c t u a l l y ,  t h e  c h a n n e l - f i l l  d e p o s i t s  a r e  o n l y  a p a r t  of t h e  f l u v i a l  
sed imenta ry  complex. During and a f t e r  a channel  i s  f i l l e d ,  sediment-  
l a d e n  w a t e r  s p r e a d s  over  t h e  f l o o d p l a i n  t o  form a v a r i e t y  o f  d e p o s i t s  
( t h e s e  a r e  cons idered  i n  t h e  n e x t  c h a p t e r ) .  



4.6  CLASSIFICATION 

To focus  a t t e n t i o n  on t h e  most impor tan t  f a c t o r s  t h a t  determine 
r i v e r  morphology and t o  summarize p rev ious  m a t e r i a l ,  a  c l a s s i f i c a t i o n  of 
channels  may be u s e f u l .  A l l  r i v e r s  may be  s e p a r a t e d  i n t o  two major 
groups depending on freedom t o  a d j u s t  shape and g r a d i e n t .  Bedrock 
c o n t r o l l e d  channels  a r e  t h o s e  s o  conf ined between o u t c r o p s  o f  rock t h a t  
t h e  m a t e r i a l  forming t h e  bed and banks de te rmines  t h e  morphology of t h e  
channe l .  A l l u v i a l  channels  on t h e  o t h e r  hand a r e  f r e e  t o  a d j u s t  
d imensions ,  shape ,  p a t t e r n ,  and g r a d i e n t  i n  response  t o  change and f low 
through channels  w i t h  bed and banks composed of m a t e r i a l  t r a n s p o r t e d  by 
t h e  r i v e r  under p r e s e n t  f low c o n d i t i o n s .  

R i v e r s  have been c l a s s i f i e d  accord ing  t o  t h e i r  s t a g e  of development 
i n  t h e  e r o s i o n  c y c l e  a s  y o u t h f u l ,  mature ,  and o l d  (Davis ,  1899) and a l s o  
accord ing  t o  t h e  h i s t o r y  of development on a  l and  s u r f a c e  a s  a n t e c e d e n t ,  
superposed,  consequent ,  and subsequent  (Thornbury,  1969, p .  1 1 3 ) .  
However, none of t h e s e  c l a s s i f i c a t i o n s  c o n s i d e r s  two independent  
v a r i a b l e s ,  d i s c h a r g e  and t y p e  of sediment l o a d ,  on which morphology of 
a l l u v i a l  channe l s  depends.  

A s  demonstra ted,  d i s c h a r g e  i s  an  independent  v a r i a b l e  t h a t  l a r g e l y  
de te rmines  s i z e  o f  s t ream channe l s  and ampl i tude  and wavelength  of 
meanders. Discharge ,  however, i s  n o t  a  v a l i d  b a s i s  f o r  a  c l a s s i f i c a t i o n  
of s t ream channels  u n l e s s  s i z e  i s  cons idered  most i m p o r t a n t ,  a l t h o u g h  a  
q u a l i t a t i v e  d i s t i n c t i o n  among s t ream channe l s  can be  made on t h e  b a s i s  
of d i s c h a r g e  c h a r a c t e r i s t i c s  ( i . e . ,  ephemeral  and p e r e n n i a l  s t r e a m s ) .  

Another independent  v a r i a b l e  t h a t  must be  cons idered  i s  sediment 
load .  Channels a r e  f r e q u e n t l y  r e f e r r e d  t o  a s  muddy o r  sandy,  o r  a s  
cobble  o r  bou lder  channe l s .  Th i s  i m p l i e s  t h a t  s i z e  o f  m a t e r i a l  i n  and 
t r a n s p o r t e d  th rough  t h e  channel  may be  a  prime c o n s i d e r a t i o n .  Although 
it i s  t r u e  t h a t  i n  a  downstream d i r e c t i o n  many r i v e r  c h a r a c t e r i s t i c s  
appear  t o  change a s  g r a i n  s i z e  changes (Nevins,  1965) ,  t h e r e  can be 
g r e a t  changes i n  t h e  morphology of  a  s t ream when t h e  median g r a i n  s i z e  
of bed m a t e r i a l  i s  e s s e n t i a l l y  c o n s t a n t .  For  t h i s  r eason  c l a s s i f i c a t i o n  
is  based on t h e  n a t u r e  o f  t h e  sediment  l o a d  o r  predominant mode of 
sediment t r a n s p o r t .  Type of load and mode o f  t r a n s p o r t  a r e  s i m p l i f i e d  
h e r e  t o  mean t h e  t r a n s p o r t a t i o n  of sediment a s  e i t h e r  suspended l o a d  o r  
bed l o a d .  

The term bed l o a d  a s  used i s  synonymous w i t h  b e d - m a t e r i a l  l o a d  and 
t h e  term suspended l o a d  a s  used i s  synonymous w i t h  wash l o a d .  I n  
channe l s  o f  t h e  Great  P l a i n s  r i v e r s ,  bed m a t e r i a l  l o a d  i s  u s u a l l y  
composed of sand and wash l o a d  i s  composed of s i l t  and c l a y .  Although a  
s i n g l e  g r a i n  s i z e  t h a t  would form t h e  boundary between suspended l o a d  
and bed l o a d  cannot  b e  s e l e c t e d  from a v a i l a b l e  sediment  t r a n s p o r t  d a t a ,  
it i s  sugges ted  t h a t  i n  g e n e r a l  s i l t  and c l a y  a r e  t r a n s p o r t e d  i n  suspen- 
s i o n  and sand and c o a r s e r  sediment a r e  t r a n s p o r t e d  on o r  n e a r  t h e  
s t reambed.  

On t h e  b a s i s  of r e l a t i o n s  p r e v i o u s l y  d i s c u s s e d ,  a l l u v i a l  r i v e r  
channe l s  can be c l a s s i f i e d  p r i m a r i l y  accord ing  t o  t y p e  of sediment  ' load 
a s  bed load ,  mixed l o a d ,  and suspended load  c h a n n e l s .  A c t u a l l y ,  a  



Table 4-5. Classification of alluvial channels. 

Mode of 
sediment Channel Bedload Channel stability 
transport sediment (percentage 
and type (M) of total Stable Depositing Eroding 
of channel (percent) load) (graded stream) (excess load) (deficiency of load) 

Suspended >20 
load 

Mixed 
load 

Bed load 

< 3 Stable suspended-load 
channel. Width/depth 
ratio (10; sinuosity 
usually >2.0; gradient, 
relatively gentle 

3-11 Stable mixed-load 
channel. Width/depth 
ratio >lo, (40; 
sinuosity usually 
(2.0, >1.3; gradient 
moderate 

>11 Stable bed-load channel. 
Width/depth ratio 
>40; sinuosity usually 
(1.3; gradient, 
relatively steep 

Depositing suspended Eroding suspended-load 
load channel. Major channel. Streambed 
deposition on banks erosion predominant; 
cause narrowing of initial channel 
channel; initial widening minor 
streambed deposition 
minor 

Depositing mixed-load Eroding mixed-load 
channel. Initial major channel. Initial 
deposition on banks streambed erosion 
followed by streambed followed by channel 
deposition widening 

Depositing bed-load Eroding bed-load channel 
channel. Streambed Little streambed 
deposition and island erosion; channel 
formation widening predominant 



cont inuous  s e r i e s  of channels  e x i s t s  and w i t h  t h i s  c l . a s s i f i c a t i o n  
b r a i d e d ,  meandering,  and s t r a i g h t  channels  can be recognized .  

Based on t h e  n a t u r e  of u n s t a b l e  channel  behav ior  d u r i n g  e r o s i o n  and 
d e p o s i t i o n  a s  d i s c u s s e d  e a r l i e r ,  a  second major d i v i s i o n  o f  a l l u v i a l  
channels  can be  made (Table  4 - 5 ) .  D i f f e r e n c e s  can be cons idered  of w i t h  
r e s p e c t  t o  t o t a l  sediment  load  d e l i v e r e d  t o  t h e  channe l .  An e x c e s s  o f  
t o t a l  load  causes  d e p o s i t i o n ,  a  d e f i c i e n c y  causes  e r o s i o n ,  and between 
t h e  extremes l i e s  t h e  s t a b l e  channe l .  Although a  g iven  r i v e r  channel  
o f t e n  cannot  be  c l e a r l y  i d e n t i f i e d  i n  t h e  f i e l d  a s  s t a b l e ,  e r o d i n g ,  o r  
d e p o s i t i n g ,  it i s  p o s s i b l e  t o  t h i n k  of a l l  r i v e r s  a s  f a l l i n g  i n t o  one o f  
t h e s e  t h r e e  c l a s s e s .  

The s t a b l e  channel  i s  one t h a t  shows no p r o g r e s s i v e  change i n  
g r a d i e n t ,  d imensions ,  o r  shape.  Temporary changes occur  d u r i n g  f l o o d s ,  
b u t  t h e  s t a b l e  channe l ,  i f  t h e  c l a s s i f i c a t i o n  were n o t  r e s t r i c t e d  t o  
s h o r t  segments of t h e  r i v e r ,  would be i d e n t i c a l  t o  t h e  graded s t ream a s  
d e f i n e d  by Mackin ( 1 9 4 8 ) .  

The e rod ing  channel  i s  one t h a t  i s  p r o g r e s s i v e l y  degraded and/or  
widened by bank e r o s i o n .  Conversely ,  t h e  d e p o s i t i n g  channe l  i s  one t h a t  
i s  b e i n g  aggraded and /or  having sediment d e p o s i t e d  on i t s  banks .  
C l a s s i f i c a t i o n  of r i v e r  channels  on t h e  b a s i s  o f  s t a b i l i t y  a s  e r o d i n g ,  
s t a b l e ,  o r  d e p o s i t i n g  emphasizes t h e  d i v e r s i t y  among r i v e r s  and s t ream 
channel .  Each of t h e  t h r e e  c l a s s e s  can be cons idered  a s  d i s t i n c t  from 
t h e  o t h e r s .  

C l a s s i f i c a t i o n  of a l l u v i a l  channe l s  i s  summarized i n  Tab le  4-5 .  
Nine s u b c l a s s e s  of channels  a r e  shown, based on channel  s t a b i l i t y  and 
predominant mode o f  sediment t r a n s p o r t .  Although v a r i a t i o n s  i n  t h e  
p r o p o r t i o n s  of bed load  and suspended l o a d  a r e  t r a n s i t i o n a l ,  it i s  
p o s s i b l e  t o  t h i n k  i n  terms of a  suspended load  channel  t r a n s p o r t i n g  
perhaps  0 t o  3 p e r c e n t  bed l o a d ,  a bed load  channel  t r a n s p o r t i n g  g r e a t e r  
than  11 p e r c e n t  bed l o a d ,  and a  mixed-load channel  t r a n s p o r t i n g  from 3 
t o  11 p e r c e n t  bed l o a d .  Boundaries between t h e s e  groups  a r e  based  on 
t h e  r e l a t i o n  between M and t h e  pe rcen tage  of bed l o a d  (Equa t ion  4 - 7 )  and 
on t h e  known c h a r a c t e r i s t i c s  of s t reams  having v a r y i n g  amounts o f  s i l t  
and c l a y  i n  t h e i r  c h a n n e l s .  Ranges of channel  shape and s i n u o s i t y  a r e  
e s t a b l i s h e d  f o r  each  s u b c l a s s ,  b u t  g r a d i e n t  i s  expressed  q u a l i t a t i v e l y  
because  g r a d i e n t  depends t o  a  l a r g e  e x t e n t  on d i s c h a r g e  t h a t  can v a r y  
g r e a t l y  f o r  a  g i v e n  v a l u e  of M. Although s i n u o s i t y  a s  h a s  been  shown 
may depend on v a l l e y  s l o p e ,  a  c h a r a c t e r i s t i c  s i n u o s i t y  range can be 
e s t a b l i s h e d  f o r  each t y p e  of s t ream.  

I n  summary, a l l u v i a l - s t r e a m  channe l s  have been c l a s s i f i e d  on t h e  
b a s i s  o f  one o f  t h e  two independent v a r i a b l e s  i n f l u e n c i n g  s t ream mor- 
phology. Discharge i s  n o t  used a s  a  b a s i s  f o r  t h e  c l a s s i f i c a t i o n  be- 
cause  it c o n t r o l s  main ly  t h e  s i z e  o f  t h e  c h a n n e l s .  Type of m a t e r i a l  
t r a n s p o r t e d  o r  mode of t r a n s p o r t  a s  bed load  o r  suspended load  a p p e a r s  
t o  be a  major f a c t o r  de te rmin ing  t h e  c h a r a c t e r  of a  s t ream channe l  and 
c l a s s i f i c a t i o n  of channe l s  i s  based on t h i s  r e l a t i o n .  Absolute  s i z e  o f  
sediment load  may be  l e s s  impor tan t  t h a n  manner by which it  moves 
through t h e  channe l .  Channel s t a b i l i t y  depends on b a l a n c e  o r  l a c k  o f  
ba lance  between sediment load  and t r a n s p o r t a b i l i t y ,  and t h r e e  c l a s s e s  of 
channe l s  r e s u l t :  s t a b l e ,  e r o d i n g ,  and d e p o s i t i n g .  



C l a s s i f i c a t i o n  i s  app l i cab le  only t o  segments of a r i v e r  system 
because c h a r a c t e r i s t i c s  of a stream channel change s i g n i f i c a n t l y  w i th in  
a s h o r t  d i s t a n c e  i f  i t  becomes uns t ab le  o r  rece ives  sediment of a 
d i f f e r e n t  type from a t r i b u t a r y .  Therefore,  t h e  c l a s s i f i c a t i o n  i s  of 
channels r a t h e r  than  of r i v e r  systems and must 'be considered t o  
ten ta t i .ve  u n t i l  more da t a  become a v a i l a b l e  on t o t a l  sediment load and 
t h e  in f luence  of sediment s i z e  on channel shape and p a t t e r n .  

C l a s s i f i c a t i o n  i s  based on research  confined t o  sandbed streams and 
thus  may not  be app l i cab le  t o  grave l  and cobble r i v e r s .  For a desc r ip -  
t i o n  of t hese  channels see  Galay e t  a l .  (1973),  Lewis and McDonald 
(1973), and Ke l l e rha l s  e t  a l .  (1972). However, Mollard (1972) has  used 
t h e  c l a s s i f i c a t i o n  based on type of load t o  c l a s s i f y  a wide range of 
Canadian r i v e r s .  

F igure  4-37 a t tempts  t o  summarize a v a i l a b l e  information on channel 
p a t t e r n ,  type ,  and a s soc i a t ed  v a r i a b l e .  

Five b a s i c  channel p a t t e r n s  a r e  shown as  fol lows 

1 .  S t r a i g h t  channel ,  s t r a i g h t  thalweg. (deepest  p a r t  of channel) .  
Channel i s  r e l a t i v e l y  s t a b l e .  

2 .  S t r a i g h t  channel,  sinuous thalweg. Channel i s  gene ra l ly  
s t a b l e  b u t  thalweg s h i f t  and ba r  migra t ion  occur (Figure 
4-38). 

3 .  Meandering. 
a .  Uniform channel width, small  p o i n t  b a r s .  Channel i s  

s t a b l e  bu t  neck c u t o f f s  occur (Figure 4-38).  
b .  Channel wider a t  bends, l a r g e  po in t  b a r s .  Chute and neck 

c u t o f f s  and meander s h i f t  produce a r e l a t i v e l y  uns t ab le  
channel .  

4 .  Meander - braided t r a n s i t i o n ,  l a r g e  p o i n t ' b a r s  wi th  frequency 
chute c u t o f f s .  Unstable channel wi th  sinuous thalweg (Figure 
4-38). 

5 .  Braided channel.  Unstable channel with m u l t i p l e  thalweg and 
numerous b a r s  and i s l a n d s  (Figure 4-38). 

C l a s s i f i c a t i o n  of F igure  4-37 i n d i c a t e s  t h e  r e l a t i v e  s t a b i l i t y  of a 
r i v e r  and t h e r e f o r e  should be e s p e c i a l l y  u se fu l  t o  t hose  u t i l i z i n g  
r i p a r i a n  lands .  For i n s t ance  al though t h e  occurrence of a p a t t e r n  1 
s t r a i g h t  channel (Figure 4-37) may be r a r e ,  i t .means  t h a t  t he  banks a r e  
r e l a t i v e l y  s t a b l e  and erode slowly. However, i f  t h e  channel i s  s t r a i g h t  
because '  it has been channel ized,  it can be unstab1.e. I n  t he  case  of a 
P a t t e r n  2 s t r a i g h t  channel ,  t h e  banks a r e  r e l a t i v e l y  s t a b l e  b u t  t he  
thalweg and a l t e r n a t e  b a r s  s h i f t .  

Channel p a t t e r n s  3a and 3b a r e  meandering channels ,  t h e  banks of 
which a r e  not  s t r a i g h t  and p a r a l l e l .  S h i f t i n g  t h e  thalweg o r  deepes t  
p a r t  of t h e  channel and t h e  banks of t h i s  channel fol lows a more o r  l e s s  
r egu la r  p a t t e r n  t h a t  can be a n t i c i p a t e d .  



P a t t e r n  4  i s  t r a n s i t i o n a l  between meandering and b ra ided  and i n  
f a c t  such  a  p a t t e r n  may r e p r e s e n t  a  change from p a t t e r n  3 t o  t h e  b r a i d e d  
s t ream p a t t e r n  5 .  Some i n v e s t i g a t o r s  have subd iv ided  b r a i d e d  channe l s  
i n t o  t h o s e  w i t h  unvegeta ted b a r s  and t h o s e  w i t h  permanent v e g e t a t e d  
i s l a n d s .  The v e g e t a t e d  i s l a n d s  r e f l e c t  more s t a b l e  c o n d i t i o n s .  

A s  shown i n  F i g u r e  4-37, t y p e  of sediment  l o a d ,  sediment  s i z e  
( l i m i t e d  exper ience  o n l y ) ,  sediment l o a d ,  f low v e l o c i t y ,  s t r eam power, 
width-depth  r a t i o ,  and channel  g r a d i e n t  a r e  r e l a t e d  t o  channel  p a t t e r n  
and r e l a t i v e  s t a b i l i t y  of a l l u v i a l  channe l s .  

CHANNEL TYPE 
Suspended Load Mixed Load Bed Load 

LEGEND - Chancel Boundary 
,/-* Flow 
0 Bars 

- --- 
HIGH ---- RELATIVE STABILITY -LOW 

(3%') Low - Bed Load Total Load Ratio-+High (>II%) 

Small + Sediment Size - Large 
Small 5 Sediment Load - Large 
Low : Flow Velocity : High 
Low + Stream Power - High 

F i g u r e  4-37. Channel c l a s s i f i c a t i o n  based  on p a t t e r n  and type o f  
sediment l o a d ,  showing t y p e s  of c h a n n e l s ,  t h e i r  r e l a t i v e  
s t a b i l i t y  and some a s s o c i a t e d  v a r i a b l e s .  ( A f t e r  Schumm 
and Meyer, 1979) .  

A s  i n d i c a t e d  by F i g u r e  4-37, channel  p a t t e r n  n o t  o n l y  changes from 
p a t t e r n  1 t o  5 b u t  o t h e r  morphologic a s p e c t s  of t h e  channe l  a l s o  change.  
That  i s ,  f o r  a  g i v e n  d i s c h a r g e  g r a d i e n t  i n c r e a s e s  and width-depth  r a t i o  
i n c r e a s e s .  I n  a d d i t i o n ,  peak d i s c h a r g e ,  sediment  s i z e ,  and sediment  
load  w i l l  p robab ly  i n c r e a s e  from p a t t e r n  1 t o  5. N a t u r a l l y  w i t h  such  
geomorphic and h y d r o l o g i c  changes ,  h y d r a u l i c  d i f f e r e n c e s  can b e  expec ted  



and flow v e l o c i t y ,  t r a c t i v e  f o r c e ,  and streampower inc rease  from p a t t e r n  
1 t o  5 .  Obviously then,  channel s t a b i l i t y  decreases  from p a t t e r n  1 t o  5 
wi th  p a t t e r n s  4 and 5 being t h e  l e a s t  s t a b l e .  

Since the  a l l u v i a l  channel ,  i s  flowing i n  e r o d i b l e  sediments and 
the  s t r e s s  exer ted  by t h e  flowing water o f t e n  exceeds t h e  s t r e n g t h  of 
sediment forming the  bed and banks t h e  channel it w i l l  change n a t u r a l l y  
with t i m e .  F igure  4-38 i l l u s t r a t e s  s i x  types  of n a t u r a l  channel 
changes. Examples a  and b  a r e  wi th in  channel s h i f t s  of b a r s  and 
i s l a n d s .  I n  case  b ,  a s  t h e  a l t e r n a t e  bars  s h i f t  slowly downstream, and 
t h e  thalweg s h i f t s  p o s i t i o n .  Hence, a t  one time a  bank 
l o c a t i o n  i s  p ro t ec t ed  by t h e  a l t e r n a t e  b a r ,  whereas a t  some l a t e r  time 
t h e  ba r  has s h i f t e d  downstream, and t h e  bank can be subjec ted  t o  ero-  
s i o n .  Examples c ,  d ,  e ,  and f  show a  change of channel p o s i t i o n  e i t h e r  
g radua l ly  by meander s h i f t  o r  r e l a t i v e l y  quick ly  by neck o r  chute  cu t -  
o f f s  o r  by avuls ion .  

I n  a d d i t i o n  t o  meander s h i f t  (Figure 4-38e) ,  meanders may a l s o  
inc rease  i n  ampli tude.  This  i s  accomplished by e ros ion  of t h e  cutbank 
o r  ou t s ide  of t h e  bend while sediment i s  deposi ted on t h e  i n s i d e  bank o r  
p o i n t  b a r .  

Continual reworking of sediment demonstrates t h a t  t h e  f l o o d p l a i n  of 
a  meandering s t ream is  no t  a  permanent f e a t u r e  bu t  i s  composed of 
m a t e r i a l  i n  temporary s to rage  on i t s  journey downstream. 

Meander migrat ion i s  i nhe ren t  t o  sinuous r i v e r s ,  and over  a  per iod  
of yea r s  a  r i v e r  w i l l  sweep back and f o r t h  ac ros s  i t s  f l o o d p l a i n ,  
reworking f loodp la in  d e p o s i t s ,  des t roying  a l l  s u r f a c e  f e a t u r e s ,  and 
rep lac ing  them wi th  p o i n t  b a r  depos i t s .  

I n  a d d i t i o n  t o  and i n  p a r t  a s  a  r e s u l t  of meander migra t ion ,  
c u t o f f s  a l s o  modify meandering channels.  Meander c u t o f f s  commonly occur 
i n  two ways e i t h e r  by neck c u t o f f s  o r  by chute c u t o f f s  (F igure  4-38c, 
d) .  By inc reas ing  l o c a l  s lope  and causing increased  scour  upstream and 
depos i t i on  downstream both  processes  sho r t en  t h e  channel.  

4.7 DISCUSSION 

The equat ions presented  i n  t h i s  chapter  i n d i c a t e  t h e  s i g n i f i c a n t  
in f luence  t h a t  water and sediment d ischarge  e x e r t  on channel morphology. 
Changes i n  t he  hydrologic  cha rac t e r  of Zone 1, f o r  whatever cause ,  can 
r e s u l t  i n  r i v e r  metamorphosis and d r a s t i c  change i n  sediment moved t o  
Zone 3 .  

A gene t i c  c l a s s i f i c a t i o n  of r i v e r  channels has been presented  based 
on channel s t a b i l i t y  and type of sediment load .  C l a s s i f i c a t i o n  of 
r i v e r s  w i l l  no t  be wholly adequate but  d i f f e r e n c e s  i n  p a t t e r n  and 
channel shape a s  i d e n t i f i e d  can be of use i n  i n t e r p r e t a t i o n  of r i v e r  
behavior  from a e r i a l  photography when no o t h e r  d a t a  a r e  a v a i l a b l e  
(Ke l l e rha l s  e t  a l . ,  1976). Also t h e  c ros s  s e c t i o n  and na tu re  of i t s  
sediments can a i d  i n  p r e d i c t i o n  of the  na tu re  of f l u v i a l  sedimentary 
depos i t s  by t h e  sed imento logis t  and exp lo ra t ion  geo log i s t .  





Evaluation of the relative stability of a channel depends on the 
training and goals of the investigator and therefore the time span 
considered. While meander shift may be a catastrophe to a landowner and 
a challenge to the river control engineer, it may be the anticipated 
result of natural channel development to the geomorphologist who would 
conclude that these natural changes should be permitted to occur. If a 
river is considered as an organism with a history, then its relative 
stability and propensity of change can be more fully comprehended. 
Therefore, much channel "instability" may, in fact, be a natural and 
predictable adjustment to geomorphic controls. This perspective hope- 
fully has potential for the better understanding of and management of 
rivers. 

Two types of threshold conditions have been identified with regard 
to channel patterns. Extrinsic thresholds of sediment load (slope) and 
stream power (velocity) determine if the river will be straight, 
meandering, or braided. Intrinsic geomorphic pattern threshold when 
exceeded, results in a change from relatively high to relatively low 
sinuosity (Figure 4-33). The exceeding of a pattern threshold that 
introduces a period of channel instability and high sediment transport 
can provide an explanation for an increased rate of sedimentation in a 
fluvial deposit when none is warranted by climatic or other evidence. 

The fact that such pattern thresholds exist provides the river 
management with an approach to river control involving an appreciation 
of river history. Intrinsic thresholds can be exceeded at any time but 
usually only for reaches of relatively high sinuosity during large 
floods . 

Empirical equations presented in this chapter have also been used 
to provide an estimate of the hydrology of ungaged channels and of 
paleochannels. For example Brown (1971) determined that channel cross- 
sections are provided good estimates of bank-full discharge for channels 
in Kentucky, Tennessee, and Minnesota with perennial flow. Hedman 
(1970) used low-water channel widths and depths to estimate annual 
runoff and Schumm (1972) used width/depth ratio and width in a series of 
equations to estimate paleochannel discharge, gradient, and meander 
wavelength. 



SYMBOLS 

Drainage a r e a  

Water s u r f a c e  
and Pladdock) , 

(km2 o r  s q u a r e  m i l e s )  

width  e i t h e r  a t  mean annual  d i s c h a r g e  (Leopold 
a t  Q2 (Bray) ,  o r  a t  channel  h a n k - f u l l  width  

(Schumm) ( f e e t  o r  m) 

Water dep th  e i t h e r  a t  mean annua l  d i s c h a r g e  (Leopold and 
Maddock), a t  Q2 (Bray) ,  o r  a t  maximum b a n k - f u l l  d e p t h  o f  

channel  (Schumm) ( f e e t  o r  m) 

Median g r a i n  s i z e  (mm) 

Widthldepth  r a t i o  

Channel l e n g t h  (mi les )  

S i l t - c l a y  i n  channel  p e r i m e t e r  ( p e r c e n t )  

S i n u o s i t y  ( r a t i o  of channel  l e n g t h  t o  v a l l e y  l e n g t h  o r  r a t i o  
of v a l l e y  s l o p e  t o  channel  s l o p e )  

Mean annua l  wa te r  d i s c h a r g e  (Lane) ( c f s )  

Mean annual  f l o o d  ( c f s )  

Mean annual  d i s c h a r g e  ( c f s )  

Discharge f o r  f l o o d  w i t h  2-year  r e c u r r e n c e  i n t e r v a l  ( c f s )  

Bed m a t e r i a l  l o a d  (weight o r  volume) 

Bed l o a d  (percen tage  o f  t o t a l  l o a d )  

Hydrau l ic  r a d i u s ,  a r e a  of channel  c r o s s  s e c t i o n  d i v i d e d  by 
wet ted  p e r i m e t e r  ( f e e t  o r  m) 

Slope o f  energy l i n e  ( p e r c e n t ,  t a n g e n t )  

Channel g r a d i e n t  ( p e r c e n t ,  f e e t j m i l e ,  t a n g e n t )  

V a l l e y  f l o o r  s l o p e  ( p e r c e n t ,  f e e t l m i l e ,  t a n g e n t )  

V e l o c i t y  ( f e e t l s e c o n d ,  mlsecond) 

Meander wavelength (km, f e e t ,  m i l e s )  

T r a c t i v e  f o r c e  (qRS; weight  p e r  u n i t  a r e a )  

S p e c i f i c  weight  of wa te r  (weight  p e r  u n i t  volume) 

Stream power (tV; f o o t  pounds p e r  second p e r  f o o t )  
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Chapter 5 

OPEN CHANNEL FLOW 

5.1  INTRODUCTION 

I n  open channel flow, t h e  water su r f ace  i s  no t  confined;  su r f ace  
conf igu ra t ion ,  flow p a t t e r n  and p re s su re  d i s t r i b u t i o n  wi th in  t h e  flow 
depend on g r a v i t y .  I n  r i g i d  boundary open channel f low,  no deformations 
o r  movements of t h e  bed and banks a r e  considered,  whereas i n  mobile 
boundary hydraul ics  t h e  bed conf igura t ion  depends on t h e  flow. This  
chapter  i s  r e s t r i c t e d  t o  a  one-dimensional a n a l y s i s  t h a t  i s ,  t h e  
d i r e c t i o n  of v e l o c i t y  and a c c e l e r a t i o n  a r e  only l a r g e  i n  one d i r e c t i o n  
and a r e  so  small  a s  t o  be n e g l i g i b l e  i n  a l l  o the r  d i r e c t i o n s .  

Open channel flow can be c l a s s i f i e d  a s :  1) uniform o r  nonuniform 
flow, 2) s teady  o r  unsteady f low,  3 )  laminar o r  t u r b u l e n t  f low,  and 
4) t r a n q u i l  o r  r ap id  flow. I n  uniform flow, t he  depth and d ischarge  
remain cons tan t  wi th  r e spec t  t o  space;  a l s o ,  t h e  v e l o c i t y  a t  a  given 
depth i s  t h e  same everywhere. I n  s teady  flow, no change occurs  with 
r e spec t  t o  t ime.  I n  laminar flow, t h e  flow f i e l d  can be cha rac t e r i zed  
by l a y e r s  of f l u i d ,  one l a y e r  not  mixing wi th  ad j acen t  ones.  Turbulent  
flow i s  cha rac t e r i zed  by random f l u i d  motion. Tranqui l  flow i s  d i s t i n g -  
uished from rapid  flow by a  dimensionless number c a l l e d  t h e  Froude 
number, F r .  I f  F r  < 1, the  flow i s  t r a n q u i l ;  i f  F r  > 1, t h e  flow i s  
r ap id ,  and i f  F r  = 1, t h e  flow i s  c a l l e d  c r i t i c a l .  

Open channel flow can be nonuniform, unsteady, t u r b u l e n t  and rap id  
a t  t h e  same t ime.  Because t h e  c l a s s i f y i n g  c h a r a c t e r i s t i c s  a r e  indepen- 
dent ,  s i x t e e n  d i f f e r e n t  types  of flow can occur .  These terms,  uniform 
o r  nonuniform, s teady  o r  unsteady,  laminar o r  t u r b u l e n t ,  r ap id  o r  t r a n -  
q u i l ,  and t h e  two dimensionless numbers ( t h e  Froude number and Reynolds 
number) a r e  explained more f u l l y  i n  t h e  fol lowing s e c t i o n s .  

Def in i t i ons  

Veloc i ty .  The v e l o c i t y  of a  f l u i d  p a r t i c l e  i s  t h e  t ime r a t e  of 
displacement of t h e  p a r t i c l e  from one p o i n t  t o  another .  Veloc i ty  i s  a  
vec to r  quan t i t y .  That i s ,  it has magnitude and d i r e c t i o n .  I n  c a r t e s i a n  
coord ina tes ,  t h e  mathematical r ep re sen ta t ion  of t h e  f l u i d  v e l o c i t y  i s  

St reaml ine .  A s t reaml ine  i s  an imaginary l i n e  w i t h i n  t h e  flow 
which i s  tangent  everywhere t o  t h e  v e l o c i t y  v e c t o r .  

Acce lera t ion .  Acce lera t ion  i s  t h e  time r a t e  of change of t he  
v e l o c i t y  v e c t o r ,  e i t h e r  of magnitude o r  d i r e c t i o n  o r  bo th .  Mathemati- 
c a l l y ,  a c c e l e r a t i o n  i s  expressed by the  t o t a l  d e r i v a t i v e  of t h e  v e l o c i t y  
vec tor  o r  - 



where t h e  subc r ip t  s i s  along t h e  s t reaml ine  and n  r e f e r s  t o  t he  
d i r e c t i o n  normal t o  t h e  s t r eaml ine .  The t a n g e n t i a l  a c c e l e r a t i o n  
component is 

a  = 
S 

and t h e  normal a c c e l e r a t i o n  component i s  

The f i r s t  terms i n  Equations 5 - 3  and 5-'4 a r e  t he  change i n  
v e l o c i t y ,  both magnitude and d i r e c t i o n ,  with time a t  a  po in t .  This  i s  
c a l l e d  t h e  l o c a l  a c c e l e r a t i o n .  The second term i n  each equat ion  i s  t he  
change i n  v e l o c i t y ,  both magnitude and d i r e c t i o n ,  wi th  dcstance. This 
i s  ca l l ed  convective a c c e l e r a t i o n .  

Uniform flow. I n  uniform flow t h e r e  i s  no change i n  v e l o c i t y  along 
a  s t reaml ine  wi th  d i s t ance ;  t h a t  i s  

and 

avn 
- 0 an- 

Nonuniform flow. I n  nonuniform flow v e l o c i t y  v a r i e s  with p o s i t i o n  
s  0 

avs 
r f O  

and 

Flow around a  bend (avn/an # 0) and flow i n  expansions o r  con t r ac t ions  
(av / a s  # 0)  a r e  examples of nonuniform flow. 

s 

Steady flow. I n  s teady  flow t h e  v e l o c i t y  a t  a  p o i n t  does not  
change with t ime;  t h a t  i s  

and 

Examples of unsteady flow a r e  channel flows wi th  waves, f lood 
hydrographs, and surges .  Unsteady flow i s  d i f f i c u l t  t o  analyze unless  
time changes are smal l .  



Laminar flow. I n  laminar flow mixing of t h e  f l u i d  and momentum 
t r a n s f e r  i s  accomplished by molecular a c t i v i t y .  

Turbulent  flow. I n  t u r b u l e n t  flow mixing of t h e  f l u i d  and momentum 
t r a n s f e r  i s  accomplished by random f l u c t u a t i o n s  of f i n i t e  "lumps" of 
f  h i d .  

Flow i s  laminar o r  t u rbu len t  depending on t h e  va lue  of t h e  Reynolds 
number (Re = pVL/p), which i s  a  dimensionless r a t i o  of i n e r t i a l  f o r c e s  
t o  v iscous  fo rces .  Here p  and p a r e  t h e  d e n s i t y  and dynamic 
v i s c o s i t y  of f l u i d ,  V i s  t h e  f l u i d  v e l o c i t y  and L i s  a  c h a r a c t e r i s -  
t i c  dimension, u sua l ly  t he  depth i n  open channel flow. I n  laminar flow, 
viscous fo rces  a r e  dominant and Re i s  r e l a t i v e l y  smal l .  I n  t u r b u l e n t  
flow, Re i s  l a r g e ;  t h a t  i s ,  i n e r t i a l  fo rces  a r e  very  much g r e a t e r  than  
v iscous  fo rces .  

I n  t u r b u l e n t  flow over a  hydrau l i ca l ly  smooth boundary v iscous  
f o r c e s  near  t h e  boundary a r e  t h e  dominant r e s i s t a n c e  t o  flow. With a  
hydrau l i ca l ly  rough boundary, form drag i s  more s i g n i f i c a n t  than  viscous 
drag and i s  t h e  dominant reason f o r  r e s i s t a n c e  t o  flow. Between t h e s e  
two types of roughnesses t h e r e  i s  an in te rmedia te  cond i t i on  where 
v i s c o s i t y  and form drag a f f e c t  t he  flow. 

Turbulent  flows a r e  predominant i n  na tu re .  Laminar flow occurs  
very  in f r equen t ly  i n  open channel flow. 

Tranqui l  flow. I n  open channel flow t h e  flow p a t t e r n ,  s u r f a c e  
conf igu ra t ion ,  depth ,  and changes i n  t hese  q u a n t i t i e s  i n  reponse t o  
changes i n  channel geometry depend on the  ~ r o u d e  number (Fr  = V/ J g ~ ) ,  
which i s  t h e  r a t i o  of i n e r t i a  fo rces  t o  g r a v i t a t i o n a l  f o r c e s .  The 
Froude number i s  a l s o  t h e  r a t i o  of t h e  flow v e l o c i t y  t o  t h e  v e l o c i t y  of 
a  smal l  g r a v i t y  wave i n  t he  flow. When F r  < 1, t h e  flow i s  t r a n q u i l ,  
and su r f ace  waves (with v e l o c i t y  GL) propagate  upstream a s  we l l  a s  
downstream. Control of t r a n q u i l  flow depth i s  always downstream. 

Rapid flow. When F r  > 1, t h e  flow i s  r ap id  and su r f ace  
d is turbances  can propagate only i n  t h e  downstream d i r e c t i o n .  Control  of 
rap id  flow depth i s  always a t  t h e  upstream end of t h e  r ap id  flow reg ion .  
When F r  = 1 . 0 ,  t h e  flow i s  c r i t i c a l  and s u r f a c e  d i s tu rbances  remain 
s t a t i o n a r y  i n  t h e  flow. 

5 . 2  BASIC PRINCIPLES 

In t roduc t ion  

The b a s i c  equat ions of flow i n  open channels a r e  der ived  from t h e  
t h r e e  conserva t ion  laws. These a r e :  1 )  t h e  conserva t ion  of mass, 2) 
t he  conserva t ion  of l i n e a r  momentum, and 3) t he  conserva t ion  of energy. 
The conservat ion of mass i s  another  way of s t a t i n g  t h a t  (except  f o r  
mass-energy in te rchange)  mat te r  can n e i t h e r  be c r ea t ed  nor  des t royed .  
The p r i n c i p l e  of conserva t ion  of l i n e a r  momentum i s  based on Newton's 

\ second law of motion which s t a t e s  t h a t  a  mass (of f l u i d )  a c c e l e r a t e s  i n  
t h e  d i r e c t i o n  of and i n  propor t ion  t o  t h e  appl ied  f o r c e s  on t h e  mass. 



Analys i s  of f low problems can be g r e a t l y  s i m p l i f i e d  i f  no 
a c c e l e r a t i o n  of f low e x i s t s  o r  i f  t h e  a c c e l e r a t i o n  i s  p r i m a r i l y  i n  one 
d i r e c t i o n ,  a c c e l e r a t i o n s  i n  o t h e r  d i r e c t i o n s  b e i n g  n e g l i g i b l e .  However, 
a v e r y  i n a c c u r a t e  a n a l y s i s  may occur  i f  one assumes a c c e l e r a t i o n s  a r e  
smal l  o r  z e r o  when i n  f a c t  they  a r e  n o t .  The developments i n  t h i s  
c h a p t e r  assume one-dimensional f low and t h e  d e r i v a t i o n s  of t h e  e q u a t i o n s  
u t i l i z e  a  c o n t r o l  volume. A c o n t r o l  volume i s  a n  i s o l a t e d  volume i n  t h e  
body o f  t h e  f l u i d ,  th rough  which mass,  momentum, and energy  can be  
convected.  The c o n t r o l  volume may be assumed t o  be f i x e d  i n  space o r  
moving w i t h  t h e  f l u i d .  

Conserva t ion  o f  Mass 

Consider  t h e  s h o r t  r e a c h  of r i v e r  shown i n  F i g u r e  5-1 a s  a  c o n t r o l  
volume. The boundar ies  of t h e  c o n t r o l  volume a r e  t h e  upst ream c r o s s  
s e c t i o n ,  d e s i g n a t e d  s e c t i o n  1, t h e  downstream c r o s s  s e c t i o n ,  d e s i g n a t e d  
s e c t i o n  2 ,  f r e e  s u r f a c e  of t h e  wa te r  between s e c t i o n s  1 and 2 ,  and t h e  
i n t e r f a c e  between w a t e r ,  banks ,  and bed.  

Control 
Volume. 

F i g u r e  5-1. A r i v e r  reach  a s  a  c o n t r o l  volume. 

The s t a t e m e n t  of t h e  c o n s e r v a t i o n  of mass f o r  t h i s  c o n t r o l  volume 

Mass f l u x  Mass f l u x  Time r a t e  o f  change 
o u t  o f  t h e  - i n t o  t h e  + i n  mass i n  t h e  = 0 
c o n t r o l  volume c o n t r o l  volume c o n t r o l  volume 

Mass can e n t e r  o r  l e a v e  t h e  c o n t r o l  volume th rough  any o r  a l l  of  
t h e  c o n t r o l  volume s u r f a c e s .  R a i n f a l l  would c o n t r i b u t e  mass th rough  t h e  
s u r f a c e  of t h e  c o n t r o l  volume and seepage p a s s e s  through t h e  i n t e r f a c e  
between t h e  w a t e r ,  banks ,  and bed.  I n  t h e  absence o f  r a i n f a l l ,  evapora- 
t i o n ,  seepage,  and o t h e r  l a t e r a l  mass f l u x e s ,  mass e n t e r s  t h e  c o n t r o l  
volume a t  s e c t i o n  1 and l e a v e s  a t  s e c t i o n  2 .  

A t  s e c t i o n  2 ,  t h e  mass f l u x  o u t  of t h e  c o n t r o l  volume th rough  t h e  
d i f f e r e n t i a l  a r e a  dA2 i s  p2v2 dA2. The v a l u e s  of p2 and v2 can 

v a r y  from p o s i t i o n  t o  p o s i t i o n  a c r o s s  t h e  wid th  and th roughout  t h e  depth  



of flow a t  s e c t i o n  2 .  
s e c t i o n  2 i s  t h e  sum 
t h a t  make up t h e  c ros s  

The t o t a l  mass f l u x  ou t  of t he  con t ro l  volume a t  
of a l l  p2v2 DA2 through t h e  d i f f e r e n t i a l  a r e a s  
s e c t i o n  a rea  A 2 ,  and may be w r i t t e n  a s  

Therefore 

Mass f l u x  
ou t  of t h e  = t p v  dA2 
con t ro l  volume 

2  2  
A2 

S i m i l a r l y  

Mass f l u x  
i n t o  t h e  = 2 p v  dA2 
c o n t r o l  volume A1 

2 2  

The amount of mass i n s i d e  a  d i f f e r e n t i a l  volume dV i n s i d e  t h e  c o n t r o l  
volume i s  

and t h e  t o t a l  mass i n s i d e  the con t ro l  volume l i s  t hen  t h e  sum of t h e  
mass i n s i d e  o r  

Mass i n s i d e  
t h e  = I  pdrd 
c o n t r o l  volume V 

The s ta tement  of conservat ion of mass f o r  t h e  c o n t r o l  volume c a l l s  
f o r  t h e  time r a t e  of change i n  mass. I n  mathematical n o t a t i o n ,  t h e  r a t e  
of change i s  

so t h a t  

Time r a t e  of a change i n  mass = (I p d l )  
i n  t h e  c o n t r o l  
volume 

For t h e  reach of r i v e r ,  t h e  s tatement  of t h e  conserva t ion  of mass 
becomes 

I t  is  o f t e n  convenient t o  work wi th  average condi t ions  a t  a  c r o s s  
s e c t i o n  so  we d e f i n e  an  average v e l o c i t y  V such t h a t  



o r  i n  i n t e g r a l  form, 

The v e l o c i t y  V i s  t h e  average v e l o c i t y  a t  t h e  c ros s  s e c t i o n .  

I f  t he  d e n s i t y  of t h e  f l u i d  does no t  change from p o s i t i o n  t o  
p o s i t i o n  i n  a  c ross  s e c t i o n  o r  i n  t h e  reach,  pl = p2 = p .  When t h e  flow 
i s  s teady  a {I p dV) = 0 

at  v 

and Equation 5-5 reduces t o  t h e  s tatement  t h a t  inf low equals  outflow 
0 r 

That i s  

where Q i s  the  volume flow r a t e  o r  t h e  d ischarge .  

Equation 5-8 i s  t he  f a m i l i a r  form of t he  conservat ion of mass 
equat ion f o r  r i v e r  f lows.  I t  i s  app l i cab le  when t h e  f l u i d  dens i ty  i s  
cons t an t ,  t h e  flow i s  s teady  and t h e r e  i s  no l a t e r a l  inf low o r  seepage. 

Conservation of Linear  Momentum 

The curved reach of r i v e r  shown i n  Figure 5-1  i s  r a t h e r  complex t o  
analyze i n  terms of Newton's Second Law because of t h e  curva ture  i n  t he  
flow. Therefore,  a s  a  s t a r t i n g  p o i n t ,  t h e  d i f f e r e n t i a l  l eng th  of reach 
dx i s  i s o l a t e d  a s  a  con t ro l  volume. 

F igure  5-2. The c o n t r o l  volume f o r  conservat ion of l i n e a r  momentum. 

For t h i s  c o n t r o l  volume shown i n  F igure  5-2, t h e  s ta tement  of 
conservat ion of l i n e a r  momentum i s  



F l u x  o f  momentum F l u x  of momentum 
o u t  of t h e  c o n t r o l  - i n t o  t h e  

volume c o n t r o l  volume 

Time r a t e  of Sum of t h e  f o r c e s  
+ change of momentum - - a c t i n g  on t h e  f l u i d  i n  

i n  t h e  c o n t r o l  volume t h e  c o n t r o l  volume. 

The terms i n  t h e  s t a t e m e n t  a r e  v e c t o r s  s o  we must be  concerned w i t h  
d i r e c t i o n  a s  w e l l  a s  magnitude.  

Cons ider ing  t h e  c o n s e r v a t i o n  o f  momentum i n  t h e  d i r e c t i o n  o f  f low 
( x - d i r e c t i o n  i n  F i g u r e  5 - 2 ) ,  t h e  ou t f low s e c t i o n  ( s e c t i o n  2 ) ,  t h e  f l u x  
of momentum o u t  of t h e  c o n t r o l  volume through t h e  d i f f e r e n t i a l  a r e a  dA2 
i s  

P2V2 dA2 V2 

Here p2 v2 dA i s  t h e  mass f l u x  (mass p e r  u n i t  of t ime)  and p2v2 2  dA2 V2 
i s  t h e  momentum f l u x  through t h e  a r e a  dAy The t o t a l  momentum f l u x  o u t  
th rough  s e c t i o n  2  i s  

F l u x  o f  momentum 
o u t  o f  c o n t r o l  = I: p2v2 dA v  
volume 2  2  

*2 

S i m i l a r l y ,  a t  t h e  i n f l o w  s e c t i o n  ( s e c t i o n  1 )  

F l u x  of momentum 
i n t o  t h e  = I: plvl dA v  
c o n t r o l  volume 1 1  

A1 

The amount of momentum i n  t h e  c o n t r o l  volume i s  

Time r a t e  of 
change o f  momentum - a 

(I: pv dV1 
i n  t h e  c o n t r o l  volume - z ,  

A t  t h e  upst ream s e c t i o n ,  t h e  f o r c e  a c t i n g  on t h e  d i f f e r e n t i a l  a r e a  

dA1 o f  t h e  c o n t r o l  volume i s  

where p1 is  t h e  p r e s s u r e  from t h e  upst ream f l u i d  on t h e  d i f f e r e n t i a l  
a r e a .  . 



The t o t a l  fo rce  i n  t h e  x-d i rec t ion  a t  s e c t i o n  1 i s  

S imi l a r ly ,  a t  s e c t i o n  2 ,  t he  t o t a l  fo rce  i s  

There i s  a f l u i d  shear  s t r e s s  a c t i n g  along t h e  i n t e r f a c e  between 
t h e  water ,  bed,  and banks. The shear  on t h e  con t ro l  volume i s  i n  t h e  
oppos i te  d i r e c t i o n  t o  t h e  d i r e c t i o n  of flow and r e s u l t s  i n  a  fo rce  

where to i s  t h e  average shear  s t r e s s  on the  i n t e r f a c e  a r e a ,  P i s  t he  
average wetted perimeter  and dx i s  the  length  of t h e  con t ro l  volume. 
The term P dx i s  t h e  i n t e r f a c e  a rea .  

I f  t h e  
s tatement  of 
volume i s  

x-d i rec t ion  i s  normal t o  t h e  d i r e c t i o n  of g r a v i t y ,  t he  
conservat ion of momentum i n  t h e  x -d i r ec t ion  f o r  t he  con t ro l  

I n  t h e  l i m i t ,  .the summations can be rep laced  wi th  i n t e g r a l s  so  t h a t  
Equation 5-9 becomes 

which i s  t h e  i n t e g r a l  form of t he  momentum equat ion.  

Again, a s  wi th  the  conservat ion of mass equat ion,  it i s  convenient 
t o  use average v e l o c i t i e s  i n s t ead  of p o i n t  v e l o c i t i e s .  A momentum 
c o e f f i c i e n t  f3 i s  def ined so  t h a t  when average v e l o c i t i e s  a r e  used 
in s t ead  of p o i n t  v e l o c i t i e s ,  t h e  c o r r e c t  momentum f l u x  is  considered.  

The momentum c o e f f i c i e n t  i s  

which reduces t o  



i f  t h e r e  i s  no v a r i a t i o n  i n  f l u i d  d e n s i t y  a t  a  c r o s s  s e c t i o n .  By 
assuming p1 = p = p ,  Equation 5-10 i s  reduced t o  

2 

I f  t h e  flow i s  s teady  

The p re s su re  f o r c e  and shear  fo rce  terms on t h e  r ight-hand s'ide of 
Equation 5-14 a r e  u sua l ly  abbreviated a s  2 F o r  

X 

Then, f o r  s teady  flow of cons tan t  d e n s i t y  f l u i d ,  t h e  conserva t ion  of 
momentum equat ion  becomes 

For s teady  flow wi th  cons tan t  d e n s i t y ,  t h e  conserva t ion  of mass equat ion  
(Equation 5-8) was 

With t h i s  express ion ,  t he  s teady  flow conservat ion of l i n e a r  momentum 
equat ion t akes  on t h e  f a m i l i a r  form 

PQ (P2v2 - Blvl) = 1 Fx (5-17) 

Conservation of Energy 

The F i r s t  Law of Thermodynamics can be w r i t t e n  

where 6 = t h e  r a t e  a t  which hea t  i s  added t o  a fluid system 
W = t h e  r a t e  a t  which a  f l u i d  system does work on i t s  

surroundings 
E = t h e  energy of t h e  system 

Then dE/dt i s  the  r a t e  of change of energy i n  t h e  system. 

The s tatement  of conservat ion of energy f o r  a  c o n t r o l  volume i s  
then  



Flux  of energy F lux  o f  energy  
o u t  of t h e  - i n t o  t h e  
c o n t r o l  volume c o n t r o l  volume 

Time r a t e  of 
+ change of energy = 6 - 

i n  t h e  c o n t r o l  volume 

The cho ice  of a c o n t r o l  volume i s  a r b i t r a r y .  Because of t h e  
complex i t i e s  r e s u l t i n g  from having t o  i n t e g r a t e  over  t h e  c r o s s - s e c t i o n a l  
a r e a ,  t h e  c o n t r o l  volume, which i n c l u d e s  t h e  e n t i r e  c r o s s  s e c t i o n  of t h e  
r i v e r  i s  i n c o n v e n i e n t .  T h e r e f o r e ,  t h e  c o n t r o l  volume i s  reduced t o  t h e  
s i z e  of a  s t reamtube  connec t ing  dA and dA2 a s  shown i n  F i g u r e  5-3. 
The s t reamtube  i s  bounded by s t r e a m l i n e s  th rough  which no mass 
o r  momentum e n t e r s .  

F i g u r e  5-3.  The s t reamtube  a s  a  c o n t r o l  volume. 

For  s t e a d y  c o n s t a n t  d e n s i t y  f low i n  t h e  s t reamtube  

F lux  of eneigy 
o u t  of t h e  = p e  dA v 
c o n t r o l  volume 

2 2  2  2  

and 

F lux  o f  energy 
i n t o  t h e  = p e  dA v 
c o n t r o l  volume 

1 1  1 1  

Here e  i s  t h e  energy p e r  u n i t  of mass. Accordingly ,  t h e  t o t a l  energy 
i n  a  c o n t r o l  volume of s i z e  V i s  



Because t h e  flow i s  s teady  

Time r a t e  of 
change of energy = 0 
i n  t h e  con t ro l  volume 

Unless one is  concerned with thermal p o l l u t i o n ,  evaporat ion l o s s e s ,  o r  
problems concerning the  formation of i c e  i n  r i v e r s ,  t h e  r a t e  a t  which 
hea t  i s  added t o  t he  con t ro l  volume can be neglec ted ;  t h a t  i s  

The work done by f l u i d  i n  t h e  con t ro l  volume on i t s  surroundings can 
be i n  t h e  form of pressure  work W shear  work 

P ' Wr ' o r  s h a f t  work 

(mechanical work) Ws. For t h e  streamtube shown i n  F igure  5-3, no s h a f t  
work is  involved.  

The r a t e  a t  which t h e  f l u i d  p re s su re  does work on t h e  c o n t r o l  
volume boundary dA1 i n  Figure 5-3 i s  

and on boundary dA2, t he  r a t e  of doing p re s su re  work is  

A t  t h e  o t h e r  boundaries of t h e  s t reamtube,  t h e r e  i s  no p re s su re  work 
because t h e r e  i s  no f l u i d  motion normal t o  t h e  boundary. Hence, f o r  
t h e  streamtube 

Along t h e  i n t e r i o r  b o u d a r i e s  of t h e  s t reamtube t h e r e  i s  a  shear  
s t r e s s  r e s u l t i n g  from t h e  condi t ion  t h a t  t h e  f l u i d  v e l o c i t y  i n s i d e  t h e  
streamtube may no t  be t h e  same a s  t h e  v e l o c i t y  of t h e  f l u i d  surrounding 
t h e  streamtube. The r a t e  a t  which t h e  f l u i d  i n  t h e  streamtube does 
shear  work on t h e  con t ro l  volume i s  

where t i s  t h e  average shear  s t r e s s  on t h e  streamtube boundary, P i s  
t h e  average per imeter  of t h e  s t reamtube,  dx is  t h e  l eng th  of t he  
streamtube and v i s  t h e  f l u i d  v e l o c i t y  a t  rhe  s t reamtube boundary. 
The product  P dx i s  t h e  sur face  of t h e  streamtube subjec ted  t o  shea r  
s t r e s s e s .  

For s teady  flow i n  the  s t reamtube,  t h e  s ta tement  of t h e  
conservat ion of energy i n  t h e  streamtube shown i n  Figure 5-3 i s  

p e v  1 1  1 d A 1 = p v d A  - 
1 1. 1 . I f  t h e  d e n s i t y  i s  cons tan t  i n  t he  s t reamtube,  t h e  conserva t ion  of mass 

f o r  t h e  streamtube i s  



and 
P2 = P1 = P 

Now Equation 5-23 reduces t o  

The energy p e r  u n i t  mass e  i s  t h e  sum of t h e  i n t e r n a l ,  k i n e t i c  
and p o t e n t i a l  ene rg i e s  o r  

where u  = t h e  i n t e r n a l  energy a s soc i a t ed  wi th  t h e  f l u i d  temperature  
v  = t h e  v e l o c i t y  of t h e  mass of f l u i d  
g  = t h e  a c c e l e r a t i o n  due t o  g r a v i t y  
z = t h e  e l e v a t i o n  above some a r b i t r a r y  re fe rence  l e v e l  

This  express ion  f o r  e i s  s u b s t i t u t e d  i n  Equation 5-25 t o  y i e l d  

By d iv id ing  through by g  and c a l l i n g  t h e  term 

t h e  head l o s s  he, t h e  energy equa t ion  f o r  t h e  s t reamtube becomes 

I f  t h e r e  i s  no shear  s t r e s s  on t h e  streamtube boundary and i f  t h e r e  i s  
no change i n  i n t e r v a l  energy (u 

1 = u2) ,  
t h e  energy equa t ion  reduces t o  

which i s  t h e  Be rnou l l i  Equation. 

General ly ,  t h e r e  i s  no t  s u f f i c i e n t  information a v a i l a b l e  t o  do a 
d i f f e r e n t i a l  streamtube a n a l y s i s  of a  reach  of r i v e r  s o  app rop r i a t e  
changes must be made i n  t h e  energy equat ion.  A reach  of r i v e r  such a s  
t h a t  shown i n  F igure  5-1 can be p i c tu red  a s  a  bundle of s t reamtubes.  We 
know t h e  s ta tement  of t h e  conservat ion of energy f o r  a s t reamtube.  I t  
i s  Equation 5-28 which can be r e w r i t t e n  



because 

f o r  t h e  s t reamtube.  By summing the  energ ies  i n  a l l  t h e  s t reamtubes 
making up t h e  reach of r i v e r ,  we can w r i t e  

Equation 5-31 i s  t h e  common form of t he  energy equat ion  used i n  open 
channel flow. I t  i s  der ived from Equation 5-30 by i n t e g r a t i n g  Equation 
5-30 over  t he  c ros s  s e c t i o n  a r e a ;  t h a t  i s  

where a i s  t h e  k i n e t i c  energy co r rec t ion  f a c t o r  def ined by t h e  
express ion  

t o  al low t h e  use  of average v e l o c i t y  V r a t h e r  t han  p o i n t  v e l o c i t y  v .  
The average p re s su re  over t h e  c ros s  s e c t i o n  i s  6, defined a s  

The term 2 i s  t he  average e l e v a t i o n  of t h e  c ros s  s e c t i o n  def ined  by 
t h e  express ion  

and Q is  t h e  volume flow r a t e  o r  t he  d ischarge .  By d e f i n i t i o n  

Also 
1 - he vdA 

I n  summary, t h e  express.ion f o r  conservat ion of energy f o r  s teady  . flow i n  a reach of r i v e r  i s  w r i t t e n  



The tendency in river work is to neglect the energy correction 
factor even though its value may be as large as 1.5. Usually it is 
assumed that the pressure is hydrostatic and the average elevation head 
z is at the centroid of the cross-sectional area. However, it should 
be kept in mind that Equations 5-33, 5-34 and 5-35 are the correct 
definitions of the terms in the energy equation. 

Hvdrostatics 

When the only forces acting on the fluid are pressure and fluid 
weight, the differential equation of motion in an arbitrary direction x 
is 

In steady uniform flow (and for zero flow), the acceleration is zero and 
we obtain the equation of hydrostatics 

F! + z = Constant 
I( 

However, when there is acceleration, the piezometric head varies in the 
flow. That is, the piezometric head is not constant in the flow. This 
is illustrated in Figure 5-4. In Figure 5-4a the pressure at the bed is 
equal to no whereas in the curvilinear flow (Figure 5-4b) the 
pressure is larger than no because of the acceleration resulting from 
a change in direction. 

.< Pierometer 

( a )  Steady uniform flow 

Piezometer y., 

( b )  Steady nonuniform flow 

Figure 5-4. Pressure distribution in steady uniform and 
in steady nonuniform flow. 



I n  gene ra l ,  when f l u i d  a c c e l e r a t i o n  i s  smal l  (as  i n  gradual ly  
va r i ed  flow) t h e  p re s su re  d i s t r i b u t i o n  i s  considered h y d r o s t a t i c .  
However, f o r  r ap id ly  varying flow where t h e  s t r eaml ines  a r e  converging, 
expanding, o r  have s u b s t a n t i a l  curva ture  ( cu rv l inea r  f low),  f l u i d  
a c c e l e r a t i o n s  a r e  no t  small  and t h e  p re s su re  d i s t r i b u t i o n  i s  no t  
h y d r o s t a t i c .  

I n  Equation 5-40, t h e  cons tan t  i s  equal  t o  zero  f o r  gage p re s su re  
a t  t he  f r e e  su r f ace  of a  l i q u i d ,  and f o r  flow wi th  h y d r o s t a t i c  p re s su re  
throughout ( s teady ,  uniform flow o r  gradual ly  v a r i e d ' f l o w )  it fol lows 
t h a t  t h e  p re s su re  head p/y i s  equal  t o  t h e  v e r t i c a l  d i s t a n c e  below t h e  
f r e e  su r f ace .  I n  s loping  channels wi th  s t eady  uniform f low,  t h e  
p re s su re  head p/y a t  a  depth y  below t h e  su r f ace  i s  equal  t o  

= y cose 
Y 

Note t h a t  y  i s  t h e  depth (perpendicular  t o  t he  water s u r f a c e )  t o  t h e  
p o i n t ,  a s  shown i n  F igure  5-5. For most channels ,  0  i s  small  and 
cose % 1. 

Figure  5-5. Pressure  d i s t r i b u t i o n  i n  s teady  uniform flow 
on l a r g e  s lopes .  

5 . 3  STEADY UNIFORM FLOW 

In t roduc t ion  

I n  s teady  uniform open channel flow t h e r e  a r e  no a c c e l e r a t i o n s ,  
s t r eaml ines  a r e  s t r a i g h t  and p a r a l l e l ,  and t h e  p re s su re  d i s t r i b u t i o n  i s  
hydr0s ta t i . c .  The s lope  of t h e  water su r f ace  S and t h e  bed s u r f a c e  
So and t h e  energy g rad ien t  Sf a r e  equal .  ~ o E s i d e r  t h e  u n i t  width 

of t h e  channel shown i n  F igure  5-6 a s  a  c o n t r o l  volume. According t o  
Equation 5-38, t h e  conserva t ion  of energy f o r  t h i s  c o n t r o l  volume i s  



,- Control volume 

Figure 5 - 6 .  Steady uniform flow in a unit width channel. 

The pressure at any point y below the surface is y cose. Then 
according to Equation 5-34  

- - 1 
1 

J- yy cose v1 dy 
Pl-vIyl 

Assuming only small variations in the point velocity v with y, 

yy cose - 1 
P 2 

Similarly 

ay2 cose - 
P2 ' 2 

Also according to Equation 5-35 

y cose - 
z1 E Z1 + 1 

2 

and 
- y cost3 
z2 E z2 + 2 

2 

With the above expressions for p l ,  p2, i l ,  and z2 the energy 
equation for this control volume reduces to 



For most n a t u r a l  channels 0  i s  small  and y cose E y .  The v e l o c i t y  
d i s t r i b u t i o n  i n  t h e  v e r t i c a l  i s  normally a  log  func t ion  f o r  which 

" a E 1 Then t h e  energy equat ion becomes 
1 -  2 

and t h e  s lopes  of t he  bed, water su r f ace  and energy g rade l ine  a r e  
r e spec t ive ly  

and 

Steady uniform flow i s  an i d e a l i z e d  concept f o r  open channel flow 
and i s  d i f f i c u l t  t o  ob ta in  even i n  l abo ra to ry  flumes. For many appl ica-  
t i o n s ,  t h e  flow i s  s teady  and t h e  changes i n  width,  depth o r  d i r e c t i o n  
( r e s u l t i n g  i n  nonuniform flow) a r e  so  small  t h a t  t h e  flow can be 
considered uniform. In .  o the r  ca ses ,  t h e  changes occur over such a  long 
d i s t a n c e  t h e  flow i s  a  gradual ly  va r i ed  flow. 

Var iab les  of i n t e r e s t  f o r  s teady  uniform flow a r e :  (1)  t h e  mean 
v e l o c i t y  V ,  (2) t h e  d ischarge  Q ,  (3)  t h e  v e l o c i t y  d i s t r i b u t i o n  v(y)  
i n  t h e  v e r t i c a l ,  (4) t h e  head l o s s  HL through t h e  reach,  and (5) t h e  

shear  s t r e s s ,  bo th  l o c a l  t and a t  t h e  bed 
to . The v a r i a b l e s  a r e  

i n t e r r e l a t e d  and which v a r i a b l e  we determine and how we determine it 
depends on t h e  da t a  a v a i l a b l e .  For example, i f  t he  d ischarge  and cross-  
s e c t i o n a l  a rea  a r e  known, t h e  mean v e l o c i t y  i s  e a s i l y  determined f o r  
some s u i t a b l e  equat ion  such a s  Manning's o r  Chezy's equaton. 

Shear-Stress  and Veloc i ty  D i s t r i b u t i o n  

Shear s t r e s s  t i s  t he  i n t e r n a l  f l u i d  s t r e s s  which r e s i s t s  
deformation.  The shear  s t r e s s  e x i s t s  only when f l u i d s  a r e  i n  motion. 
I t  i s  a  t a n g e n t i a l  s t r e s s  i n  c o n t r a s t  t o  p re s su re ,  which i s  a  normal 
s t r e s s .  

The l o c a l  shear  s t r e s s  a t  t h e  i n t e r f a c e  between t h e  boundary and 
the  f l u i d  can be determined q u i t e  e a s i l y  i f  t h e  boundary i s  hydraul i -  
c a l l y  smooth; t h a t  i s ,  i f  t h e  roughness a t  t h e  boundary i s  submerged i n  
a  v iscous  sublayer  a s  shown i n  Figure 5-7. Here, t h e  th i ckness  of t he  



Boundor 

Velocity Profile 

Figure 5-7. Hydraulically smooth boundary. 

laminar sublayer is 6'. In laminar flow, the shear stress at the 
boundary is 

The velocity gradient is evaluated at the boundary. The dynamic 
viscosity is the proportionality constant relating boundary shear 
and velocity gradient in the viscous sublayer. 

When the boundary is hydraulically rough, there is no viscous or 
laminar sublayer. The paths of fluid particles in the vicinity of the 
boundary are shown in Figure 5-8. 

Figure 5-8. Hydraulically rough boundary. 

The velocity at a point near the boundary fluctuates randomly about 
a mean value. The random fluctuation in velocity is called turbulence. 
For the hydraulically rough boundary 



s o  another  method of expressing to i s  requi red .  So f a r ,  t h e  only 
s a t i s f a c t o r y  way of determining t h e  boundary shear  s t r e s s  a t  a rough 
boundary has been by experimental means. 

I f  we fol low a u n i t  of mass of f l u i d  i n  t h e  flow near  a rough 
boundary, t h e  pa th  i s  e r r a t i c .  As shown i n  F igure  5-9a, t h e  p a r t i c l e  
has a v e r t i c a l  component of v e l o c i t y  v a s  we l l  a s  a h o r i z o n t a l  

Y component v . 
X 

( a ) Path of the porticle ( b )  Velocily profi le 
- - 

Figure  5-9. Ve loc i t i e s  i n  t u r b u l e n t  flow. 

The two components of v e l o c i t y  i n  F igure  5-9a can be w r i t t e n  a s  

and - 
v = v  t v '  

Y Y Y  
(5-48) 

- 
where v and a r e  t h e  time-averaged mean v e l o c i t i e s  i n  t h e  x and 

X Y 
y d i r e c t i o n  and v '  and v '  a r e  t h e  f l u c t u a t i n g  components. 

X Y 

Through experimental  c o r r e l a t i o n s  it has been found t h a t  t h e  
boundary shear  s t r e s s  f o r  t u r b u l e n t  flow a t  t h e  boundary is  

The term v ' v '  i s  t h e  time-average of t h e  product  of v '  and v '  a t  a 
X Y  X Y 

p o i n t  i n  t h e  flow. I t  i s  c a l l e d  t h e  Reynolds shear  s t r e s s .  

P r a n d t l  (1925) suggested t h a t  v i  and v '  a r e  r e l a t e d  and 
Y 

fur thermore t h a t  v '  i s  r e l a t e d  t o  t h e  v e i o c i t y  g r a d i e n t  dv/dy shown 
X 

i n  F igure  5-9. He proposed t o  cha rac t e r i ze  t h e  turbulence  wi th  a 
dimension c a l l e d  t h e  "mixing length" 2 .  Accordingly 



and 
2 dv 2 

r - P 2 (&-I 

If it i s  assumed t h a t  t h e  mixing l e n g t h  can be r e p r e s e n t e d  by t h e  
p roduc t  of a  c o n s t a n t  K and y  ( 1 . .  , R = ~ y ) ,  t h e n  f o r  s t e a d y  
uniform t u r b u l e n t  f low 

Using d i f f e r e n t  r eason ing  von Kirmin (1930) d e r i v e d  t h e  same e q u a t i o n .  
Equat ion 5-53 can be rea r ranged  t o  t h e  form 

where K i s  t h e  von Kirmin u n i v e r s a l  v e l o c i t y  c o e f f i c i e n t .  F o r  r i g i d  
boundar ies ,  K has  t h e  average v a l u e  o f  0 . 4 .  The term 

To i s  t h e  s h e a r  

s t r e s s  a t  t h e  b e d .  The term ( . ~ ~ / p ) ' / ~  has  t h e  dimensions o f  v e l o c i t y  
and i s  c a l l e d  t h e  s h e a r  v e l o c i t y .  I n t e g r a t i o n  of Equa t ion  5-54 y i e l d s  

Here 
10.  
t i o n  

I n  i s  t h e  l o g a r i t h m  t o  base  e  and l o g  i s  t h e  l o g a r i t h m  t o  b a s e  
The term y '  r e s u l t s  from e v a l u a t i o n  of t h e  c o n s t a n t  o f  i n t e g r a -  
assuming v  = 0 a t  some d i s t a n c e  y '  above t h e  bed.  

The term y '  depends on t h e  flow and has  been e x p e r i m e n t a l l y  
determined.  The many exper iments  have r e s u l t e d  i n  c h a r a c t e r i z i n g  
t u r b u l e n t  f low i n t o  t h r e e  g e n e r a l  t y p e s :  

1. H y d r a u l i c a l l y  smooth boundary t u r b u l e n t  f low where t h e  
v e l o c i t y  d i s t r i b u t i o n ,  mean v e l o c i t y  and r e s i s t a n c e  t o  f low 
a r e  independent  of t h e  boundary roughness of t h e  bed b u t  
depend o n  f l u i d  v i s c o s i t y .  Where 6 '  i s  e q u a l  t o  1 1 . 6 ~ /  Jq, 
y '  = 6' /107.  

2.  H y d r a u l i c a l l y  rough boundary t u r b u l e n t  f low where v e l o c i t y  
d i s t r i b u t i o n ,  mean v e l o c i t y  and r e s i s t a n c e  t o  f low a r e  
independent  of v i s c o s i t y  and depend e n t i r e l y  on t h e  boundary 
roughness .  For  t h i s  c a s e ,  y' = k 130 .2  where ks i s  t h e  

S 
h e i g h t  o f  t h e  roughness e lement .  

3 .  T r a n s i t i o n  where t h e  v e l o c i t y  d i s t r i b u t i o n ,  mean v e l o c i t y  and 
r e s i s t a n c e  t o  f low depends on b o t h  f l u i d  v i s c o s i t y  and bound- 
a r y  roughness .  Then 



There are many forms of Equation 5-55 depending on the experimental 
and the method of expressing y'. In this manual, the Einstein method 
of expressing y' is employed. The Einstein form of the von Kirmin- 
Prandtl velocity distribution, mean velocity and resistance to flow 
equations are: 

where 

x = a coefficient given in Figure 5-10 

k = the height of the roughness elements. For sand channels, k 
S S 

is the Db5 of the bed material 

v = the local mean velocity at depth y 

Yo = the depth of flow 

V = the depth-averaged velocity 

V.,+ = the shear velocity 4- and for steady uniform flow is 
" \IgRSf 

lo = the shear stress at the boundary and for steady uniform flow 

R = the hydraulic radius equal to the area divided by the wetted 
perimeter 

Sf = the slope of the energy gradeline 

6' = the thickness of the viscous sublayer 

c/&= the Chezy discharge coefficient in the equation 

8 1/2 v = emf or c = (F) (5-59) 

f = the Darcy-Weisbach resistance coefficient and is given by the 
expression 



- 
Hydraul ical ly  Rough W a l l  

Figure 5-10. Einstein's multiplication factor x in the 
logarithmic velocity equations (Einstein, 1950). 

Empirical Velocity Equations 

Because of the difficulties involved in determining the shear 
stress and hence the velocity distribution in turbulent flows, the 
empirical approach to determine mean velocities in rivers has been 
prevalent. Two such empirical equations are in common use. They are 
Manning's equation 

and Chezy's equation 

where 

V = the average velocity in the cross section 
n = Manning's roughness coefficient 
R = the hydraulic radius equal to the cross-sectional area A 

divided by the wetted perimeter P 
S = the energy slope of the channel f 
C = Chezy's discharge coefficient known as Chezy's C 

In these equations, the boundary shear stress is expressed implicitly in 
the roughness coefficient n or in the discharge coefficient C. By 
equating the velocity determined from Manning's equation with the 
velocity determined from Chezy's equation, the relation between the 
coefficients is 



If the flow is gradually varied, Manning's and Chezy's equations 
are used with the energy slope Sf 

replaced with an average friction 

slope Sf . The term Sf is determined by averaging over a short 
ave ave 

time increment at a station or over a short length increment at an 
instant of time, or both. 

Over many decades, a catalog of values of Manning's n and Chezy's 
C has been assembled so that an engineer can estimate the appropriate 
value by knowing the general nature of the channel boundaries. An 
abbreviated list of Manning's roughness coefficients is given in Table 
5-1. Additional values are given by Barnes (1967) and V. T.  Chow 
(1959). Manning's n for sandbed channels is discussed in detail in 
another chapter. 

Table 5-1. Manning's roughness coefficients for various boundaries. 

Rigid Boundary Channels 

Very smooth concrete and planed timber 
Smooth concrete 
Ordinary concrete lining 
Wood 
Vitrified clay 
Shot concrete, untrowelled, and earth channels in 

best condition 
Straight unlined earth canals in good condition 
Rivers and earth canals in fair condition-some growth 
Winding natural streams and canals in poor condition- 

considerable moss growth 
Mountain streams with rocky beds 

Alluvial Sandbed Channels (no vegetation)' 

Tranquil flow, Fr < 1 
plane bed 
ripples 
dunes 
washed out dunes or transition 
plane bed 

Rapid flow, Fr 1 
standing waves 
antidunes 

Manning ' s 
n 

'~ata is limited to sand channels with D50 < 1.0 mm. 



Average Boundary Shear S t r e s s  

The shear  s t r e s s  a t  t he  boundary xo . f o r  s teady  uniform flow i s  

determined by applying t h e  conservat ion of mass and momentum p r i n c i p l e s  
t o  t h e  con t ro l  volume shown i n  Figure 5-11. Reca l l  t h a t  t h e  s tatement  
of t he  conservat ion of mass i s  

Mass f l u x  Mass f l u x  Time r a t e  of change 
ou t  of t he  - i n t o  t h e  + i n  mass i n  t h e  = 0 
con t ro l  volume con t ro l  volume con t ro l  volume 

and t h e  s tatement  of t h e  conservat ion of l i n e a r  momentum i s  

Momentum f l u x  Momentum f l u x  
out  of t h e  - i n t o  t h e  
con t ro l  volume con t ro l  volume 

Time r a t e  of change Sum of t h e  fo rces  
+ of momentum i n  the  - - a c t i n g  on t h e  f l u i d  i n  

con t ro l  volume t h e  con t ro l  volume 

n Control volume 

# w =YAL 
YAC sin e d  

Figure 5-11. Control volume f o r  s teady  uniform flow. 

As t h e  flow i s  s teady  

Time r a t e  of change 
i n  mass and momentum i n  = 0 
t he  con t ro l  volume 

Mass f l u x  
i n t o  t h e  = PyOw v1 
con t ro l  volume 

and 

Mass f l u x  
ou t  of t h e  
con t ro l  volume 



The conserva t ion  of mass i s  then  

The conservat ion of momentum i n  t h e  downstream d i r e c t i o n  i s  composed of 
t h e  terms 

Momentum f l u x  
ou t  of t h e  = pV y  W V2 
con t ro l  volume 2  0 

where 
pV2 

i s  t h e  momentum of a  u n i t  volume a t  t h e  outflow s e c t i o n ,  and 

y  W is t h e  outflow c ros s  s e c t i o n  a rea .  
0 

S imi l a r ly ,  

Momentum f l u x  
i n t o  t h e  = Pvl yOw v1 
c o n t r o l  volume 

The p re s su re  fo rce  a c t i n g  on t h e  con t ro l  boundary a t  t h e  upstream 
s e c t i o n  i s  

yo 

As t h e  f lowl ines  a r e  p a r a l l e l  

S imi l a r ly  a t  t he  downstream s e c t i o n  the  fo rce  a c t i n g  on the  boundary i s  

The body fo rce  is  t h e  weight of t he  f l u i d  i n  t h e  c o n t r o l  volume and t h e  
downstream component of t h i s  body fo rce  i s  

yAL s i n e  

where 8  i s  t h e  s lope  angle of t h e  channel. bed. The average boundary 
shear  s t r e s s  is  t a c t i n g  on t h e  wetted per imeter  P.  The shea r  fo rce  
Fs i n  t h e  x -d i r ec t ion  i s  



With t h e  above express ions  f o r  t h e  components, t h e  s t a t e m e n t  of 
c o n s e r v a t i o n  o f  l i n e a r  momentum becomes 

which reduces  t o  

- A ro - y p s i n 0  

The term A/P i s  c a l l e d  t h e  h y d r a u l i c  r a d i u s  R .  I f  t h e  channel  s l o p e  , 

a n g l e  i s  smal l  

s i n e  Z S 
0 

and t h e  average s h e a r  s t r e s s  on the  boundary i s  

I f  t h e  f low i s  g r a d u a l l y  v a r i e d  nonuniform f low,  t h e  average 
boundary s h e a r  s t r e s s  i s  

where Sf i s  t h e  s l o p e  of t h e  energy g r a d e l i n e .  

5 . 4  STEADY RAPIDLY VARPING FLOW 

I n t r o d u c t i o n  

Steady f low through r e l a t i v e l y  s h o r t  t r a n s i t i o n s  where t h e  flow i s  
uniform b e f o r e  and a f t e r  t h e  t r a n s i t i o n  can be  ana lyzed  u s i n g  t h e  
B e r n o u l l i  e q u a t i o n .  Energy l o s s  due t o  f r i c t i o n  may be  n e g l e c t e d ,  a t  
l e a s t  a s  a  f i r s t  approximat ion.  Refinement of t h e  a n a l y s i s  can be  made 
a s  a  second s t e p  by i n c l u d i n g  f r i c t i o n  l o s s .  For  example, t h e  w a t e r  
s u r f a c e  e l e v a t i o n  through a  t r a n s i t i o n  i s  determined u s i n g  t h e  B e r n o u l l i  
e q u a t i o n  and t h e n  modif ied by de te rmin ing  t h e  f r i c t i o n  l o s s  e f f e c t s  on 
v e l o c i t y  and d e p t h  i n  s h o r t  r eaches  through t h e  t r a n s i t i o n .  Energy 
l o s s e s  r e s u l t i n g  from s e p a r a t i o n  cannot  be n e g l e c t e d ,  and t r a n s i t i o n s  
where s e p a r a t i o n  may occur  need s p e c i a l  t r e a t m e n t  which may i n c l u d e  
model s t u d i e s .  C o n t r a c t i n g  f lows (coverging s t r e a m l i n e s )  a r e  l e s s  
s u s c e p t i b l e  t o  s e p a r a t i o n  t h a n  expanding f low.  Also ,  any t ime  a  t r a n s i -  
t i o n  changes v e l o c i t y  and dep th  such t h a t  t h e  Proude number approaches  
u n i t y ,  problems such  a s  waves, b lockage o r  choking o f  t h e  f low may 
occur .  If t h e  approaching flow i s  r a p i d  ( s u p e r c r i t i c a l ) ,  a  h y d r a u l i c  
jump may r e s u l t .  T r a n s i t i o n s  f o r  r a p i d  flow a r e  d i s c u s s e d  i n  a l a t e r  
s e c t i o n .  

T r a n s i t i o n s  a r e  used t o  c o n t r a c t  o r  expand a channe l  w i d t h  (F igure  
5-12a),  t o  i n c r e a s e  o r  decrease  i n  bottom e l e v a t i o n  (F igure  5-12b) ,  o r  
t o  change b o t h  t h e  width  and bottom e l e v a t i o n .  The f i r s t  s t e p  i n  t h e  



a n a l a y s i s  i s  t o  use t h e  Bernoul l i  equa t ion  (neg lec t ing  any head l o s s  
r e s u l t i n g  from f r i c t i o n  o r  s epa ra t ion )  t o  determine t h e  depth and 
v e l o c i t y  changes of t h e  flow through t h e  t r a n s i t i o n .  Fu r the r  r e f i n e -  
ment depends on importance of f r eeboa rd , ,  whether flow i s  r a p i d ,  and 
whether flow approaches c r i t i c a l .  

The Bernoul l i  equa t ion  f o r  flow i n  Figure 5-12b i s  

( a )  Width  contraction ( b )  Bed rise 

Figure  5-12. T rans i t i ons  i n  open channel flow. 

where 
0 

The term H i s  c a l l e d  t h e  s p e c i f i c  head, and i s  t h e  he igh t  of t h e  t o t a l  
head above the  channel bed. 



I n  t h e  a n a l y s i s  o f  f low through t r a n s i t i o n s ,  t h e  B e r n o u l l i  e q u a t i o n  
g i v e s  a  numerical  s o l u t i o n  t o  t h e  problem b u t  v e r y  l i t t l e  d e s c r i p t i v e  
i n f o r m a t i o n  o f  t h e  d e p t h  v a r i a t i o n .  Only a f t e r  t h e  a n a l y s i s  i s  
completed w i l l  it be  known i f  t h e  dep th  w i l l  i n c r e a s e  o r  d e c r e a s e  a s  t h e  
f l u i d  p a s s e s  through t h e  t r a n s i t i o n  o r  even i f  t h e  f low i s  p h y s i c a l l y  
p o s s i b l e .  On t h e  o t h e r  hand, by i n v e s t i g a t i n g  t h e  v a r i o u s  i n t e r r e l a -  
t i o n s  between t h e  v a r i a b l e s  (H, V and y )  i n  t h e  s p e c i f i c  head e q u a t i o n ,  
t h e  v a r i a t i o n  of dep th  through a  t r a n s i t i o n  can be  p r e d i c t e d .  

There a r e  two c o n d i t i o n s  f o r  a n a l y z i n g  t h e  f low th rough  
t r a n s i t i o n s .  I n  t h e  f i r s t  c o n d i t i o n ,  t h e  wid th  i s  c o n s t a n t  and t h e  
e l e v a t i o n  of t h e  s t ream bed changes;  t h a t  i s ,  q  = Q / W  i s  c o n s t a n t  and 
H and y  v a r y  ( F i g u r e  5-12b) .  I n  t h e  second,  t h e  wid th  changes and 
t h e  e l e v a t i o n  o f  t h e  s t ream bed ( n e g l e c t i n g  t h e  s l o p e )  i s  c o n s t a n t ;  t h a t  
i s ,  H i s  c o n s t a n t .  

S p e c i f i c  Head Diagram 

For  s i m p l i c i t y ,  t h e  fo l lowing  s p e c i f i c  head a n a l y s i s  i s  done on a  
u n i t  wid th  of channel  s o  t h a t  Equat ion 5-75 becomes 

For  a  g iven  q ,  Equa t ion  5-76 can be so lved  f o r  v a r i o u s  v a l u e s  of 
H and y .  When y  i s  p l o t t e d  a s  a  f u n c t i o n  of H ,  F i g u r e  5-13 i s  
o b t a i n e d .  There  a r e  two p o s s i b l e  dep ths  c a l l e d  a l t e r n a t e  d e p t h s  f o r  any 
H l a r g e r  t h a n  a  s p e c i f i c  minimum. Thus,  f o r  s p e c i f i c  head l a r g e r  t h a n  
t h e  minimum, t h e  g iven  flow may have a  l a r g e  dep th  and s m a l l  v e l o c i t y  o r  
smal l  dep th  and l a r g e  v e l o c i t y .  Flow cannot  occur  w i t h  s p e c i f i c  energy  
less t h a n  t h e  minimum. .The s i n g l e  d e p t h  of f low a t  t h e  minimuin s p e c i f i - c  
head i s  c a l l e d  t h e  c r i t i c a l  dep th  yc 

and t h e  cor responding  v e l o c i t y ,  
t h e  c r i t i c a l  v e l o c i t y  v  = q/yc.  To determine c  t h e  d e r i v a t i v e  of 

C H w i t h  r e s p e c t  t o  y  i s  s e t  e q u a l  t o  0. 

F i g u r e  5-13. S p e c i f i c  head diagram. 



and 

Note t h a t  

C 

But 

- - - F r  

Jgy 

Also 
v2 

C - 3 - - 
B i n  = 2g + Yc 2 J'c 

Thus flow a t  minimum s p e c i f i c  energy has a  Froude number equal  t o  one. 
Flows wi th  v e l o c i t i e s  l a r g e r  than  c r i t i c a l  (Fr > 1)  a r e  c a l l e d  r ap id  o r  
s u p e r c r i t i c a l  and flows wi th  v e l o c i t i e s  smal le r  t han  c r i t i c a l  (Fr  < 1) 
a r e  c a l l e d  t r a n q u i l  o r  s u b c r i t i c a l .  These flow condi t ions  a r e  
i l l u s t r a t e d  i n  F igure  5-14, where a  r i s e  i n  t he  bed causes a  decrease 

T E L  -------- 
v = 

Figure  5-14. Changes i n  water su r f ace  r e s u l t i n g  from an inc rease  
i n  bed e l e v a t i o n .  



i n  dep th  when t h e  f low i s  t r a n q u i l  and a n  i n c r e a s e  i n  d e p t h  when t h e  
flow i s  r a p i d .  Fur thermore t h e r e  i s  a  maximum r i s e  i n  t h e  bed f o r  a  
g iven HI where t h e  g iven  r a t e  of f low i s  p h y s i c a l l y  p o s s i b l e .  I f  t h e  
r i s e  i n  t h e  bed i s  i n c r e a s e d  beyond kmax f o r  Hmin t h e n  t h e  

approaching f low dep th  yl  would have t o  i n c r e a s e  ( i n c r e a s i n g  H) o r  

t h e  f low would have t o  b e  decreased .  Thus,  f o r  a  g iven  f low i n  a  
channe l ,  a  rise i n  t h e  bed l e v e l  can occur  up t o  a  * ' m u  

wi thou t  
caus ing  backwater.  

Discharge Diagram 

For  a  c o n s t a n t  H ,  Equat ion 5-76 can be  s o l v e d  f o r  y a s  a  f u n c t i o n  
of q ,  By p l o t t i n g  y a s  a  f u n c t i o n  of q ,  F i g u r e  5-15 i s  o b t a i n e d  and 

F i g u r e  5-15. S p e c i f i c  d i s c h a r g e  diagram. 

I 

f o r  any d i s c h a r g e  s m a l l e r  t h a n  a  s p e c i f i c  maximum, two d e p t h s  o f  f low i s  
p o s s i b l e .  To de te rmine  t h e  v a l u e  of y  f o r  

&ax 
Equa t ion  5-76 i s  

H = 
Constant 

rea r ranged  t o  o b t a i n  

I 
Tranquil Fr < l 

Rapid F r> l  

Y 

The d i f f e r e n t i a l  w i t h  r e s p e c t  t o  

from which C) 

( 5 - 8 4 )  

y i s  set  e q u a l  t o  z e r o  

(5-85) 

Thus f o r  maximum d i s c h a r g e  a t  c o n s t a n t  H ,  t h e  Froude number i s  1 . 0  and 
t h e  f low i s  c r i t i c a l .  From t h i s  



For  c r i t i c a l  c o n d i t i o n s ,  t h e  Froude number i s  1 . 0 ,  t h e  d i s c h a r g e  i s  a  
maximum f o r  a  g iven  s p e c i f i c  head and t h e  s p e c i f i c  head i s  a  minimum f o r  
a  g i v e n  d i s c h a r g e .  

Flow c o n d i t i o n s  f o r  c o n s t a n t  s p e c i f i c  head f o r  a  wid th  c o n t r a c t i o n  
a r e  i l l u s t r a t e d  i n  F i g u r e  5-16.  The c o n t r a c t i o n  causes  a  d e c r e a s e  i n  
f low d e p t h  when t h e  flow i s  t r a n q u i l  and a n  i n c r e a s e  when t h e  f low i s  
r a p i d .  The maximum c o n t r a c t i o n  p o s s i b l e  f o r  t h e s e  flow c o n d i t i o n s  i s  t o  
t h e  c r i t i c a l  d e p t h .  Then t h e  Froude number i s  one,  t h e  d i s c h a r g e  p e r  
f o o t  o f  wid th  q i s  a  maximum, and " c i s  213 H .  A f u r t h e r  d e c r e a s e  
i n  wid th  causes  backwater .  Tha t  i s ,  i n c r e a s e  y l  upst ream t o  g e t  a  

i n  o r d e r  t o  g e t  t h e  f low l a r g e r  s p e c i f i c  energy and i n c r e a s e  
through t h e  decreased  wid th .  

c  

F i g u r e  5-16.  Change i n  w a t e r  s u r f a c e  e l e v a t i o n  r e s u l t i n g  from 
a  change i n  wid th .  

The flow i n  F i g u r e  5-16 can go from p o i n t  A t o  C and t h e n  back 
t o  D o r  down t o  E depending on t h e  boundary c o n d i t i o n s .  An i n c r e a s e  
i n  s l o p e  of t h e  bed downstream from C and no s e p a r a t i o n  would a l low 
t h e  f low t o  f o l l o w  t h e  l i n e  A t o  C t o  E .  S i m i l a r l y  t h e  f low can go 
from B t o  C and back t o  E o r  up t o  D depending on boundary 
c o n d i t i o n s .  F i g u r e  5-16 i s  drawn w i t h  t h e  s i d e  boundary forming a 
smooth s t r e a m l i n e .  I f  t h e  c o n t r a c t i o n  were a  b r i d g e  abutmenl ,  the 
upstream f low would f o l l o w  a  n a t u r a l  s t r e a m l i n e  t o  a  ve rna  c o n t r a c t a  b u t  
downstream t h e  f low would p robab ly  s e p a r a t e .  T r a n q u i l  approach flow 
could  f o l l o w  l i n e  A-C b u t  t h e  downstream f low probab ly  would n o t  f o l l o w  
e i t h e r  l i n e  C-D o r  C-E b u t  would have an  u n d u l a t i n g  h y d r a u l i c  jump. 
There  would be  i n t e r a c t i o n  of t h e  f low i n  t h e  s e p a r a t i o n  zone . and  
c o n s i d e r a b l e  energy would be l o s t .  I f  t h e  s l o p e  downstream of t h e  
abutments was t h e  same a s  upstream, t h e n  t h e  f low could n o t  be s u s t a i n e d  



with  t h i s  amount of energy l o s s .  Backwater would occur ,  i nc reas ing  t h e  
depth i n  t h e  c o n s t r i c t i o n  and upstream, u n t i l  t h e  flow could go through 
t h e  c o n s t r i c t i o n  and e s t a b l i s h  uniform flow downstream. 

5.5 STEADY FLOW AROUND BENDS 

Because of t h e  change i n  flow d i r e c t i o n  with r e s u l t s  i n  c e n t r i f u g a l  
fo rces ,  t h e r e  i s  a  supere leva t ion  of t he  water su r f ace  i n  r i v e r  bends. 
The water su r f ace  i s  higher  a t  the  concave bank than a t  t h e  convex bank. 
T h e  r e s u l t i n g  t r a n s v e r s e  s lope  can be evaluated q u a n t i t a t i v e l y .  Using 
c y l i n d r i c a l  coordinates  (Figure 5-17),  t he  d i f f e r e n t i a l  p re s su re  i n  the  
r a d i a l  d i r e c t i o n  a r i s e s  from the  r a d i a l  acce l e ra t ion  o r  

The t o t a l  supere leva t ion  between t h e  ou te r  and inner  bend i s  

Channel Section in Bend 

Figure 5-17. Def in i t i on  sketch of dynamics of flow around a  bend. 

Two assumptions a r e  made: 

1. The r a d i a l  and v e r t i c a l  v e l o c i t i e s  z ~ r e  small  compared t o  t h e  
t a n g e n t i a l  v e l o c i t i e s  such t h a t  VCf - V .  

2. T h e  pressure  d i s t r i b u t i o n  i n  t he  bend i s  h y d r o s t a t i c  i . e . ,  
p = yy- r 

Then 1 O v2 A z = -  s - d r  r 
(5-91) 

g  r 
i 



To so lve  Equation 5-91, t h e  t r ansve r se  v e l o c i t y  d i s t r i b u t i o n  along t h e  
r ad ius  of t h e  bend must be known o r  assumed. The r e s u l t s  obtained 
assuming var ious  v e l o c i t y  d i s t r i b u t i o n  fo l low.  

Woodward (1920) assumed V equal  t o  t h e  average v e l o c i t y  Q/A and 
r equal  t o  t h e  r ad ius  t o  t h e  c e n t e r  of t h e  stream r and obta ined  

C 

i n  which z and r .  a r e  t h e  water su r f ace  e l e v a t i o n  and t h e  r ad ius  a t  
t h e  i n s i d e  bf t h e  bknd, and z and r a r e  t h e  water su r f ace  eleva-  

0 t i o n  and t h e  rad ius  a t  t h e  ou t s lde  of theo bend. 

By assuming the  v e l o c i t y  d i s t r i b u t i o n  t o  approximate t h a t  of a  f r e e  
v o r t e x ,  Shukry (1950) obtained 

i n  which C = r V ,  t h e  f r e e  vor tex  cons tan t .  By assuming t h e  depth of 
flow upstream of t h e  bend equal  t o  t h e  average depth i n  t h e  bend, Ippen 
and Drinker  (1962) reduced Equation 5-94 t o  

3 

For s i t u a t i o n s  where high v e l o c i t i e s  occur near  t h e  o u t e r  bank of 
t h e  channel ,  a  forced vor tex  may approximate t h e  flow p a t t e r n .  With 
t h i s  assumption and assuming a  cons t an t  average s p e c i f i c  head, Ippen and 
Drinker (1962) obta ined  

,, 

By assuming t h a t  t he  maximum v e l o c i t i e s  a r e  c l o s e  t o  t h e  c e n t e r l i n e  
of t h e  channel i n  t he  bend and t h a t  t he  flow p a t t e r n  inward and outward 
from t h e  c e n t e r l i n e  can be represented a s  forced  and f r e e  v o r t i c e s ,  
r e spec t ive ly ,  then  

and when r = r  V = V 
c ' max ' 



v 
max 

T h e r e f o r e ,  C. = - 
1 r and Co = V r 

max c  
C 

and Equa t ion  5-97 becomes 
A 

The d i f f e r e n c e s  i n  s u p e r e l e v a t i o n  t h a t  a r e  o b t a i n e d  by u s i n g  t h e  
d i f f e r e n t  e q u a t i o n s  a r e  s m a l l ,  and i n  a l l u v i a l  channe l s  t h e  r e s u l t i n g  
e r o s i o n  of t h e  concave bank and d e p o s i t i o n  on t h e  convex bank l e a d s  t o  
f u r t h e r  e r r o r  i n  computirig s u p e r e l e v a t i o n .  T h e r e f o r e ,  i t  i s  recormriended 
t h a t  Equat ion 5-93 be  used t o  compute s u p e r e l e v a t i o n .  For  l i n e d  c a n a l s  
w i t h  s h a r p  r a d i i  of c u r v a t u r e ,  s u p e r e l e v a t i o n  shou ld  be  computed us ing  
Equat ions  5-95 and 5-98. 

5 .6 RAPID FLOW I N  BENDS AND TRANSITIONS 

Bends 

Rapid f low o r  s u p e r c r i t i c a l  f low i n  a  curved p r i s n a t i c  channel  
produces c r o s s  wave d i s t u r b a n c e  p a t t e r n s  which p e r s i s t  f o r  long  
d i s t a n c e s  i n  a  downstream d i r e c t i o n .  These d i s t u r b a n c e  p a t t e r n s  a r e  
t h e  r e s u l t  o f  nonequi l ibr ium c o n d i t i o n s  which p e r s i s t  because  t h e  
d i s t u r b a n c e s  cannot  p ropaga te  upstream o r  even p ropaga te  d i r e c t l y  a c r o s s  
t h e  s t ream.  T h e r e f o r e ,  t h e  t u r n i n g  e f f e c t  of t h e  w a l l s  i s  n o t  f e l t  on 
a l l  f i l a m e n t s  o f  t h e  f low a t  t h e  same t ime and t h e  e q u i l i b r i u m  of  t h e  
f low i s  d e s t r o y e d .  The waves produced form a  s e r i e s  of t roughs  and 
c r e s t s  i n  t h e  wa te r  s u r f a c e  a long  t h e  channel  w a l l s .  

Plan v i e w  Section A - A 

F i g u r e  5-18.  D e f i n i t i o n  s k e t c h  f o r  r a p i d  flow i n  a  bend. 

F i g u r e  5-18 i s  a  d e f i n i t i o n  s k e t c h  t o  a i d  i n  t h e  a n a l y s i s  o f  c r o s s  
wave p a t t e r n s  i n  a  bend w i t h  r a p i d  f low.  The wate r  s u r f a c e  e l e v a t i o n  i n  
a  bend can be  computed i f  t h e  fo l lowing  major assumptions  a r e  made: 1) 
t h e  flow i s  two-dimensional ,  2 )  t h e  v e l o c i t y  i s  c o n s t a n t  th roughout  t h e  
c r o s s  s e c t i o n ,  3)  t h e  channel i s  h o r i z o n t a l ,  4 )  t h e r e  a r e  no boundary 
s h e a r  s t r e s s e s ,  and 5)  t h e  channel  w a l l s  a r e  v e r t i c a l .  The o u t e r  w a l l  



which t u r n s  t h e  flow inward produces an obl ique hydraul ic  jump and a  
corresponding p o s i t i v e  d is turbance  l i n e  o r  p o s i t i v e  wave f r o n t  
propagates  ac ros s  t he  channel.  The inner  o r  convex wa l l  causes an 
obl ique  expansion o r  negat ive wave t o  propagate  ac ros s  t h e  channel with 
a  corresponding negat ive  d is turbance  l i n e  o r  wave f r o n t .  From a n a l y s i s  
of F igure  5-18 and t h e  hydraul ic  jump equat ion t h e  fol lowing formulas 
can be derived.  

The i n i t i a l  v e l o c i t y  perpendicular  t o  t h e  wave f r o n t  is  given by 

The wave f r o n t  angle  i s  given by 

The r e l a t i o n s h i p  of t h e  d e f l e c t i o n  angle 8 and t h e  Froude num'ber i s  
given by 

3 1 /2  - 1 1 1/2  0 = c t a n - I  ( )  ) - t a n  ( ( 1  ) + cons t .  (5-101) 

where the  cons tan t  may be determined from t h e  condi t ion  t h a t  f o r  0 = 0, 
t h e  depth y i s  t h e  i n i t i a l  depth yl. 

For p r a c t i c a l  a p p l i c a t i o n s ,  Equation 5-101 i s  very involved and 
inconvenient t o  use even with graphica l  c h a r t s .  Knapp (1951) developed 
a  much s impler  equat ion which g ives  adequate r e s u l t s .  The depth a t  t h e  
f i r s t  maximum may be computed from 

vL 2 8 
Y = g  s i n  (B + 

Equation 5-102 r e s u l t s  from experimental observa t ions  of a  cons t an t  
v e l o c i t y  occurr ing  a t  a  c ros s  s e c t i o n .  The l o c a t i o n s  of t h e  f i r s t  
maximum may be found from 

8 = t a n  - 1 2 W 
' (2rc + w) tan$  3 

where r i s  t he  rad ius  of curva ture  and W i s  t h e  channel width a s  
shown i n C  a p lan  view of t h e  c ros s  wave p a t t e r n  given i n  F igure  5-19. 
The d is turbance  wave p a t t e r n  o s c i l l a t e s  about a  p lane  loca t ed  a t  t he  
normal depth .  The d i s t a n c e  along the  wa l l  t o  t he  f i r s t  maximum subtends 
a  c e n t r a l  angle  8 and t h i s  d i s t a n c e  r ep re sen t s  h a l f  a  wave length .  

The amplitude of t he  d is turbance  p a t t e r n  i n  t h e  downstream tangent  
i s  dependent on whether t h e  new dis turbance  p a t t e r n  c rea t ed  i n  t h e  



change of flow from curved t o  s t r a i g h t  r e in fo rces  o r  damps ou t  t h e  
d is turbance  p a t t e r n  a l r eady  i n  ex i s t ence .  When t h e  curve has c e n t r a l  
angles  of 8 ,  38, 58,  e t c .  , where 0  i s  given by Equation 5-103, t h e  
two d is turbance  p a t t e r n s  r e in fo rce  each o the r  and t h e  r e s u l t i n g  
d is turbance  p a t t e r n  i n  t he  tangent  s e c t i o n  o s c i l l a t e s  about t h e  normal 

2 depth wi th  an amplitude approximately V W/rcg. By adopting c e n t r a l  
angles  of 28, 48,  60,  e t c . ,  t he  d is turbance  p a t t e r n  generated by t h e  
change from a  s t r a i g h t  t o  curved channel w i l l  cance l  ou t  t h e  d is turbance  
c rea ted  by t h e  i n i t i a l  curve i n  t he  channel.  

Figure 5-19. Plan view of c ross  wave p a t t e r n  f o r  r ap id  flow 
i n  a  bend. 

Two methods have been used i n  t he  design of curves f o r  r ap id  flow 
i n  channels.  One method i s  t o  bank t h e  f l o o r  of t he  channel and the  
o t h e r  i s  t o  provide curved vanes i n  t h e  flow. Banking of t h e  f l o o r  
produces l a t e r a l  fo rces  which a c t  simultaneously on a l l  f i l aments  and 
causes t h e  flow t o  t u r n  without des t roying  t h e  flow equi l ibr ium.  Curved 
vanes break up the  flow i n t o  a  s e r i e s  of small  channels and s i n c e  t h e  
supere leva t ion  i s  d i r e c t l y  propor t iona l  t o  t h e  channel width,  each small  
channel has a smal le r  supere leva t ion .  

T rans i t i ons  

Contract ions and expansion i n  rap id  flow produce c ros s  wave 
p a t t e r n s  s i m i l a r  t o  those  observed i n  curved channels.  The c ros s  waves 
a r e  symmetrical wi th  r e spec t  t o  t h e  c e n t e r l i n e  of t he  channel.  Ippen 
and Dawson (1951) have shown t h a t  i n  o rde r  t o  minimize t h e  d is turbance  
downstream of a  con t r ac t ion ,  t he  l eng th  of t he  con t r ac t ion  should be 



where W i s  t h e  channel width and the  s u b s c r i p t s  1 and 2 r e f e r  t o  
s e c t i o n s  upstream and downstream from t h e  con t r ac t ion .  The con t r ac t ion  
angle i s  8 and should no t  exceed 12O. The r e l a t i o n s h i p  between t h e  
channel widths and depths y  can be determined from the  c o n t i n u i t y  of 
t h e  flow Wlyl channel widths and depths y  can be determined from t h e  

c o n t i n u i t y  of t h e  flow WlylV1 = W y V = Q o r  2 2 2  

For an expansion, Rouse e t  a l .  (1951) have found experimental ly  
t h a t  t he  most s a t i s f a c t o r y  boundary form i s  given by 

where x i s  t h e  long i tud ina l  d i s t ance  measured from the  s t a r t  of t h e  
expansion o r  o u t l e t  s e c t i o n  and z  i s  t h e  l a t e r a l  coord ina te  measured 
from t h e  channel c e n t e r l i n e .  A boundary developed from t h i s  equat ion  
diverges i n d e f i n i t e l y .  Therefore,  f o r  p r a c t i c a l  purposes,  t h e  d ivergent  
wal ls  a r e  followed by a  t r a n s i t i o n  t o  p a r a l l e l  l i n e s .  

5.7 GRADUALLY VARIED STEADY FLOW 

In t roduc t ion  

Thus f a r ,  two types of s teady  flow have been considered.  They a r e  
uniform flow and r ap id ly  varying nonuniform flow. I n  uniform f low,  
a c c e l e r a t i o n  f o r c e s  a r e  zero and energy i s  converted t o  h e a t  a s  a  r e s u l t  
of viscous fo rces  w i th in  t h e  flow; t h e r e  a r e  no changes i n  c ros s  s e c t i o n  
o r  flow d i r e c t i o n  and t h e  depth ( ca l l ed  normal depth)  i s  cons t an t .  I n  
rap id ly  vary ing  f low,  changes i n  c ross  s e c t i o n ,  d i r e c t i o n ,  o r  depth t ake  
p l ace  i n  r e l a t i v e l y  s h o r t  d i s t a n c e s ;  a c c e l e r a t i o n  f o r c e s  a r e  n o t  zero ;  
viscous fo rces  can be neglected ( a t  l e a s t  i n  t h e  f i r s t  approximation) .  

D i f f e r e n t  condi t ions  p r e v a i l  f o r  each of t hese  two types  of s teady  
flow. I n  s teady  uniform f low,  t he  s lope  of t h e  bed,  t h e  s lope  of t h e  
water s u r f a c e ,  and t h e  s lope  of t h e  energy g rade l ine  a r e  a l l  p a r a l l e l  
and a r e  equal  t o  t h e  head l o s s  divided by t h e  l eng th  of channel i n  which 
the  l o s s  occurred.  I n  r ap id ly  varying flaw through s h o r t  s t reaml ined  
t r a n s i t i o n s ,  r e s i s t a n c e  i s  neglected and changes i n  depth due t o  
a c c e l e r a t i o n  a r e  dominant. I n  t h i s  s e c t i o n ;  a  t h i r d  type  of s teady  flow 
i s  considered.  I n  t h i s  type  of flow, changes i n  depth and v e l o c i t y  take  
p lace  s lowly over  l a r g e  d i s t a n c e s ,  r e s i s t a n c e  t o  flow dominates and 
a c c e l e r a t i o n  f o r c e s  a r e  neglec ted .  This  type  of flow i s  c a l l e d  

4 
gradual ly  va r i ed  flow, and t h e  s tudy involves  1)  t h e  dcterrnination of 
t h e  genera l  c h a r a c t e r i s t i c s  of t h e  water su r f ace  and 2) t h e  e l e v a t i o n  of 
t he  water su r f ace  o r  depth of flow. 



In  gradual ly  va r i ed  flow, t he  a c t u a l  flow depth y i s  e i t h e r  
l a r g e r  than  o r  smal le r  than t h e  normal depth y  and e i t h e r  l a r g e r  than 
o r  smal le r  than  the  c r i t i c a l  depth yc .  ~ h g  water su r f ace  p r o f i l e s  
which a r e  o f t e n  c a l l e d  backwater curves,  depend on t h e  magnitude of t he  
a c t u a l  depth of flow y  i n  r e l a t i o n  t o  t h e  normal depth y  and t h e  
c r i t i c a l  depth yc.  Normal depth yo i s  t h e  depth of flow %hat  would 
e x i s t  f o r  steady-uniform flow as  determined using t h e  Manning o r  Chezy 
v e l o c i t y  equat ions ,  and t h e  c r i t i c a l  depth i s  t h e  depth of flow when t h e  
Froude number equals  1 .0 .  Reasons f o r  t h e  depth being d i f f e r e n t  than  
the  normal depth a r e  changes i n  s lope  of t h e  bed, changes i n  c ross  
s ec t ion ,  obs t ruc t ion  t o  flow, imbalances between g r a v i t a t i o n a l  fo rces  
acce l e ra t ing  the  flow and shear  forces  r e t a rd ing  t h e  flow. 

I n  working with gradual ly  va r i ed  flow, t h e  f i r s t  s t e p  i s  t o  
determine what type  of backwater curve would e x i s t .  The second s t e p  i s  
t o  perform the  numerical computations. 

C l a s s i f i c a t i o n  of Flow P r o f i l e s  

The c l a s s i f i c a t i o n  of flow p r o f i l e s  
change of t he  var ious  terms i n  t he  t o t a l  
t i o n .  The t o t a l  head i s  

i s  obtained by ana lyz ing  t h e  
head equat ion i n  t h e  x-direc-  

(5-107) 

(5-108) 

Then assuming a  wide channel f o r  s i m p l i c i t y  

The term dHT/dx i s  t h e  s lope  of t he  energy g rade l ine  S f ,  it i s  
assumed. For s h o r t  d i s t ance  and small  changes i n  y ,  t h e  energy 
g rad ien t  can be evaluated using t h e  Manning o r  Chezy v e l o c i t y  equat ions .  

When Chezy's equat ion (Equation 5-62) i s  used t h e  express ion  f o r  
dII,/dx i s  

The term dy/dx i s  t h e  s lope  of t h e  water su r f ace  Sw and dz/dx i s  

t h e  bed s lope  So.   or s teady  flow, t h e  bed s lope  i s  (from Equation 
5-62) 

where t h e  s u b s c r i p t  "0" i n d i c a t e s  t h e  s teady  uniform flow va lues .  



When Equations 5-110 and 5-111 are substituted into Equation 5-109, 
the familiar form of the gradually varied flow equation 

is obtained. 

If Manning's equation is used to evaluate Sf and So, Equation 5-112 
becomes -- 

The slope of the water surface dy/dx depends on the slope of the 
bed So, the ratio of the normal depth yo to the actual depth y and 

the ratio of the critical depth c to the actual depth y. The 
difference between flow resistance for steady uniform flow n to flow 
resistance for steady nonuniform flow n is small and the0 ratio is 
taken as 1.0.  With n = no, there are twelve types of water surface 
profiles. These are illustrated in Figure 5-20 and summarized in Table 
5-2.  

Table 5 - 2 .  Characteristics of water surface profiles. 

Class Bed Slope Depth Type Classification 

Mild 

Mild 

Mild 

Critical 

Critical 

Steep 

Steep 

Steep 

Horizontal 

Horizontal 

Adverse 

Adverse 



Note: 

1 

0 

Horizontol 
Horizontol 

Sd 0, Yo< Yc %'O, Yo>Yc 

Horizontal 

Horizontol 

I A I 

Horizontol Slope 

Figure  5-20.  C l a s s i f i c a t i o n  of wa te r  s u r f a c e  p r o f i l e s .  

With a  t y p e  1 curve (M 1 ' S1, C1), t h e  a c t u a l  dep th  of f low y  

i s  g r e a t e r  t h a n  b o t h  normal dep th  
yo and t h e  c r i t i c a l  d e p t h  

c  
. Because flow i s  t r a n q u i l ,  c o n t r o l  of t h e  f low i s  down- 

s t ream.  

L .  With a  t y p e  2 curve (M2, S2,  A t ,  H ) ,  t h e  a c t u a l  d e p t h  y  i s  2  
between t h e  normal dep th  y  and t h e  c r i t i c a l  d e p t h  y  . The 
f low i s  t r a n q u i l  f o r  b12, A; and H and t h u s  t h e  cont:ol i s  

2  
downstream. Flow i s  r a p i d  f o r  S2 and t h e  c o n t r o l  i s  
upst ream.  

4 .  For  a  mild  s l o p e ,  S  i s  s m a l l e r  t h a n  Sc and yo > y c .  
0 

5 .  For  a s t e e p  s l o p e ,  So i s  l a r g e r  t h a n  Sc and Yo < y c .  

6 .  For  a  c r i t i c a l  s l o p e ,  S  e q u a l s  Sc and y  - 
0 0 - Y c .  

7 .  For  an  adverse  s l o p e ,  S  i s  n e g a t i v e .  
0 

8. For  a  h o r i z o n t a l  s l o p e ,  S e q u a l s  z e r o .  
0 

9 .  The c a s e  where y  + yc  i s  of s p e c i a l  i n t e r e s t  because  t h e  

denominator i n  Equat ion 5-112 approaches  z e r o .  

When y  + y c ,  t h e  assumption t h a t  a c c e l e r a t i o n  f o r c e s  can be  n e g l e c t e d  

no l o n g e r  h o l d s .  Equat ions  5-112 o r  5-113 i n d i c a t e  t h a t  dy/dx i s  



perpendicular  when y  + yc .  For c ros s  s ec t ions  c l o s e  t o  t h e  c ross  
s e c t i o n  where t h e  flow i s  c r i t i c a l  (a  d i s t ance  from 50 t o  10 f t ) ,  
c u r v i l i n e a r  flow a n a l y s i s  and experimentation must be used t o  determine 
t h e  a c t u a l  va lues  of y .  When analyzing long d i s t ances  (100 t o  1000 f t  
o r  longer )  one can assume q u a l i t a t i v e l y  t h a t  y  reaches Y c -  I n  

gene ra l ,  when t h e  flow i s  rap id  (Fr > I ) ,  t h e  flow cannot become 
t r a n q u i l  without  a  hydraul ic  jump occuFring. I n  c o n s t r a s t  , t r a n q u i l  
flow can become rap id  ( c ros s  t h e  c r i t i c a l  depth l i n e ) .  This  i s  
i l l u s t r a t e d  i n  F igure  5-21. 

When t h e r e  i s  a  change i n  c ros s  s e c t i o n  o r  s lope  a t  an obs t ruc t ion  
t o  t h e  flow, t h e  q u a l i t a t i v e  a n a l y s i s  of t h e  flow profi1.e depends on 
l o c a t i n g  t h e  con t ro l  p o i n t s ,  determining t h e  type of curve upstream and 
downstream of t h e  con t ro l  p o i n t s ,  and then  ske tch ing  t h e  backwater 
curves.  I t  must be remembered t h a t  when flow i s  r ap id  (Fr > I ) ,  t he  
c o n t r o l  of t h e  depth i s  upstream and t h e  backwater proceeds i n  t h e  
downstream d i r e c t i o n .  When flow i s  t r a n q u i l  (Fr < I ) ,  t h e  depth c o n t r o l  
i s  downstream and i n  t he  computations must proceed upstream. The back- 
water curves t h a t  r e s u l t  from a  change i n  s lope  of t h e  bed a r e  
i l l u s t r a t e d  i n  F igure  5-21. 

Computation of Water Surface P r o f i l e s  

There a r e  many computer programs a v a i l a b l e  f o r  t h e  computation of 
t h e  e l e v a t i o n  o r  depth of flow f o r  water su r f ace  p r o f i l e s .  Herein,  t h e  
s tandard  s t e p  method i s  descr ibed.  However, a s  wi th  most computer 
programs, a  q u a l i t a t i v e  a n a l y s i s  of t he  genera l  c h a r a c t e r i s t i c s  of t he  
backwater curves a s  descr ibed i n  t h e  preceding s e c t i o n  must be  made. 
This i s  necessary i n  order  t o  know whether t h e  a n a l y s i s  proceeds 
upstream o r  downstream. Most a v a i l a b l e  computer programs cannot so lve  
t h e  water su r f ace  p r o f i l e  equat ions when flow changes from rap id  t o  
t r a n q u i l  o r  v i c e  ve r sa .  

The s tandard s t e p  method i s  derived from t h e  energy equat ion  

v - : : 
2g + y1 + Az = - + y2 

2  g  + H~ 

From Figure 5-22 

and 

The procedure i s  t o  s t a r t  from some known y ,  assume another  y  
e i t h e r  upstream o r  downstream depending on whether t h e  flow i s  t r a n q u i l  
o r  r ap id ,  and compute t h e  d i s t ance  AL t o  t h e  assumed depth using 
Equation 5-117. 



Figure  5-21. Examples of water s u r f a c e  p r o f i l e s .  

F igure  5-22. D e f i n i t i o n  ske t ch  f o r  s t e p  method computation 
backwater curves .  



5 .8  UNSTEADY FLOW 

Unsteady flows of i n t e r e s t  t o  t he  des igner  of waterway cross ings  
and encroachments a r e :  (1) waves r e s u l t i n g  from dis turbances  of t h e  
water su r f ace  by wind and b o a t s ,  (2)  waves r e s u l t i n g  from t h e  su r f ace  
i n s t a b i l i t y  t h a t  e x i s t s  f o r  flows with Froude numbers c l o s e  t o  1 .0 ,  (3)  
waves r e s u l t i n g  from flow d is turbance  r e s u l t i n g  from change i n  d i r e c t i o n  
of flow. wi th  Froude numbers g r e a t e r  than  2 .0 ,  (4) surges o r  bores  
r e s u l t i n g  from sudden inc rease  o r  decrease i n  t he  flow by opening o r  
c lo s ing  of g a t e s  o r  t he  movement of t i d e s  on c o a s t a l  s t reams,  (5) 
s tanding  waves and ant idunes t h a t  occur i n  a l l u v i a l  channel flow, and 
(6) f lood  waves r e su l tng  from the  progress ive  movement downstream of 
stream runoff o r  gradual  r e l e a s e  from r e s e r v o i r s .  

Waves a r e  an  important cons idera t ion  i n  br idge  hydraul ics  when 
designing s lope  p r o t e c t i o n  of embankments and dykes, and channel 
improvements. I n  t h e  fol lowing paragraphs,  only t h e  b a s i c  one- 
dimensional a n a l y s i s  of waves and surges i s  presented .  Other a spec t s  
of waves a r e  presented  i n  o the r  s e c t i o n s .  

Gravi ty Waves 

The genera l  equat ion f o r  t he  c e l e r i t y  C of a  small  amplitude 
g r a v i t y  wave ( v e l o c i t y  of t he  wave r e l a t i v e  t o  t h e  v e l o c i t y  of flow) i s  

2ny0 1/2 
c = ($ tanh 

where t h e  terms a r e  def ined i n  F igure  5-23. 

F igure  5-23. Def in i t i on  ske tch  f o r  small  amplitude waves. 

For deep water waves ( sho r t  waves) 

and 

For shallow water waves (long waves) 



and 

If T is the time (period) of travel of one water crest to another at a 
given point, then 

In Equation 5-119, the celerity is independent of depth and depends 
on gravity and wave length. This is the celerity of ocean waves. In 
Equation 5-120, the celerity is a function of gravity and depth and is 
used for small amplitude waves in open channels. These equations apply 
only to small amplitude waves; that is, a/A << 1. 

The celerity of finite amplitude shallow water waves has been 
determined both analytically using Bernoulli's equation and experi- 
mentally and is given by the expression 

When 2a is small in comparison to y 
0 

Generally as 2a/yo approaches unity the crest develops a sharp peak 
and breaks. 

In the above equations, C is measured relative to the fluid. If 
the wave is moving opposite to the flow then, when C > V, the waves 
move upstream; when C = V, the wave is stationary; and when C < V, the 
wave moves downstream. When V equals C for small amplitude flow, 

The definition of the Froude number is 

v Fr = - (5 -124)  
5 

Thus, the Froude number is the ratio of the velocity of flow to the 
celerity of a small-amplitude wave. When Fr < 1 (tranquil flow), a 
small amplitude wave moves upstream. When Fr > 1 (rapid flow), a small 
amplitude wave moves downstream and when Fr = 1 (critical flow), a 
small amplitude wave is stationary. The fact that waves or surges 
cannot move upstream when the Froude number is equal to or greater than 
1.0 is important to remember when determining the control points for 
gradually varied flows and for determining when the stage-discharge 
relation at a cross section can be affected by downstream conditions. 



Surges  

A s u r g e  i s  a  r a p i d  i n c r e a s e  i n  t h e  dep th  o f  f low.  A s u r g e  may 
r e s u l t  from sudden r e l e a s e  of wa te r  from a  dam, o r  from an incoming 
t i d e .  I f  t h e  r a t i o  o f  wave h e i g h t  2a t o  t h e  d e p t h  y  i s  l e s s  t h a n  

0 

u n i t y ,  t h e  s u r g e  has  an  u n d u l a t i n g  wave form. I f  ' 2a /yo  i s  g r e a t e r  
t h a n  one,  t h e  f i r s t  wave b reaks  and produces a  d i s c o n t i n u o u s  s u r f a c e .  
The b r e a k i n g  wave d i s s i p a t e s  energy and t h e  p r e v i o u s  equati .ons f o r  wave 
c e l e r i t y  do n o t  h o l d .  However, by a p p l y i n g  t h e  momentum and c o n t i n u i t y  
e q u a t i o n s  f o r  a  c o n t r o l  volume encompassing t h e  s u r g e  (F igure  5-24), t h e  
e q u a t i o n  

f o r  t h e  v e l o c i t y  of t h e  s u r g e  can be d e r i v e d  

Equa t ion  5-125 g i v e s  t h e  v e l o c i t y  of a  s u r g e  a s  it moves upstream 
a s  t h e  r e s u l t  of a  sudden t o t a l  o r  p a r t i a l  c l o s u r e  of a  g a t e ,  o r  of an  
incoming t i d e ,  o r  of a  s u r g e  t h a t  moves downstream a s  t h e  r e s u l t  of a  
sudden opening o f  a  g a t e .  The l i f t i n g  of a  g a t e  i n  a  channel  n o t  o n l y  
causes  a  p o s i t i o n  s u r g e  t o  move downstream, i t  a l s o  causes  a  n e g a t i v e  

/Control volume 

F i g u r e  5-24.  Ske tch  of a  s u r g e  and i t s  c o n t r o l  volume. 

s u r g e  t o  move upst ream.  Equa t ion  5-125 i s  approx imate ly  c o r r e c t  f o r  t h e  
c e l e r i t y  of t h e  n e g a t i v e  s u r g e  i f  t h e  h e i g h t . o f  t h e  s u r g e  i s  smal l  
compared t o  t h e  d e p t h .  A s  i t  moves upstream a  n e g a t i v e  s u r g e  q u i c k l y  
f l a t t e n s  o u t .  

Hydrau l ic  Jump 

When t h e  oncoming v e l o c i t y  o f  f low i s  r a p i d  o r  s u p e r c r i t i c a l  t h e  
s u r g e  i s  a  moving h y d r a u l i c  jump. When V1 e q u a l s  t h e  c e l e r i t y  o f  t h e  
s u r g e  t h e  jump i s  s t a t i o n a r y  and Equa t ion  5-125 i s  t h e  e q u a t i o n  f o r  a  
h y d r a u l i c  jump. Equa t ion  5-125 can be rea r ranged  t o  t h e  form 



Equat ion 5-127 has  been e x p e r i m e n t a l l y  v e r i f i e d  a l o n g  w i t h  t h e  
dependence of t h e  jump l e n g t h  and energy d i s s i p a t i o n  on t h e  Froude 
number of t h e  approaching f low.  The r e s u l t s  o f  t h e s e  exper iments  a r e  
g iven  i n  F igure  5-25. 

When t h e  Froude number f o r  r a p i d  flow i s  l e s s  t h a n  two, an  
u n d u l a t i n g  jump w i t h  l a r g e  s u r f a c e  waves i s  produced. The waves a r e  
propagated f o r  a c o n s i d e r a b l e  d i s t a n c e  downstream. I n  a d d i t i o n ,  when 
t h e  Froude number o f  t h e  approaching flow i s  l e s s  t h a n  t h r e e ,  t h e  energy 
d i s s i p a t i o n  of t h e  jump i s  n o t  l a r g e  and j e t s  o f  h i g h  v e l o c i t y  f low can 
e x i s t  f o r  some d i s t a n c e  downstream of  t h e  jump. These waves and j e t s  
can cause  e r o s i o n  a c o n s i d e r a b l e  d i s t a n c e  downstream o f  t h e  jump. 

Ro 11 Waves 

Shallow f low on s t e e p  s l o p e s  may s u r g e  o r  p u l s a t e .  The waves 
formed a r e  c a l l e d  r o l l  waves. They a r e  observed i n  sha l low f low over  
s p i l l w a y s ,  i n  s t e e p  a l l u v i a l  channels  and i n  s t e e p  l i n e d  channe l s .  

There i s  no s imple  c r i t e r i o n  f o r  de te rmin ing  when r o l l  waves form, 
t h e i r  v e l o c i t y  o r  t h e i r  s i z e .  T h e i r  fo rmat ion ,  s i z e  and v e l o c i t y  depend 
on t h e  roughness and s l o p e  of t h e  channe l ,  t h e  i n i t i a l  dep th  o f  f low,  
t h e  l e n g t h  of channel  and t h e  n a t u r e  of any d i s t u r b a n c e  t h a t  t r i g g e r s  
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F i g u r e  5-25. Hydrau l ic  jump c h a r a c t e r i s t i c s  a s  a f u n c t i o n  of 

t h e  Froude number. 

them. R o l l  waves form when t h e  Froude number i s  g r e a t e r  than  two o r  t h e  
s l o p e  i s  approximately  f o u r  t imes  g r e a t e r  t h a n  t h e  c r i t i c a l  s l o p e .  They 
can cause  t h e  r e s i s t a n c e  t o  f low t o  i n c r e a s e .  



5.9 GRADUALLY VARIED UNSTEADY FLOW 

General 

The remainder of t h i s  chapter  p re sen t s  an  overview of unsteady flow 
concepts f o r  f lood  waves i n  open channels.  F i r s t ,  t h e  governing equa- 
t i o n s  a r e  in t roduced ,  lead ing  t o  a c l a s s i f i c a t i o n  of open channel flow 
waves i n t o :  1 )  kinematic,  2) d i f f u s i v e ,  3) i n e r t i a l ,  and 4) dynamic. 
This  t h e o r e t i c a l  background enables  an improved understanding of f lood 
rout ing  concepts and methodologies. Flood rou t ing  is  c l a s s i f i e d  i n t o  
r e s e r v o i r  rou t ing  and stream channel rout ing .  The l e v e l  pool  method f o r  
r e s e r v o i r  rou t ing  and t h e  Muskingum method f o r  stream channel rout ing  
a r e  t r e a t e d  i n  d e t a i l .  F i n a l l y ,  a  no te  i s  given on t h e  range of 
a p p l i c a b i l i t y  of kinematic and d i f f u s i v e  wave models. 

Governing Equations 

The governing equat ions of gradual ly  va r i ed  unsteady open channel 
flow a r e  t h e  equat ion  of water con t inu i ty  and t h e  equat ion of motion. 
These a r e  o f t e n  r e f e r r e d  t o  i n  t h e  l i t e r a t u r e  a s  t h e  S a i n t  Venant 
equat ions .  

The Water Continui ty Equation 

The equat ion  of water con t inu i ty  f o r  unsteady open channel flow i s  

i n  which Q i s  water d i scharge ,  A i s  flow a r e a ,  and 
qL is  l a t e r a l  

inf low.  I n  t h e  absence of l a t e r a l  inf low,  Equation 5-128 reduces t o  

Expressed pe r  u n i t  of channel width, Equation 5-129 reduces t o  

i n  which q i s  water  d i scharge  per  u n i t  of channel width,  and d i s  
depth of flow. 

Equation 5-130 can a l s o  be expressed a s  

i n  which the  f i r s t  term i s  prism s to rage ,  t h e  second term i s  wedge 
s to rage ,  and t h e  t h i r d  term i s  r a t e - o f - r i s e .  

4 The lumped form of t h e  equat ion of water c o n t i n u i t y  i s  obtained by 
i n t e g r a t i n g  Equation 5-129 over a  channel reach o r  r e s e r v o i r  t o  y i e l d  
t h e  s to rage  equat ion  



in which I is inflow, 0 is outflow and V is reach storage. 

The Equation of Motion 

The equation of motion is derived by applying Newton's second law 
of motion to the force balance in gradually varied unsteady open channel 
flow. This yields 

n 

in which y is water surface elevation, g is acceleration of gravity 
and Sf is friction slope. 

If Equation 5-133 is expressed for a unit-width channel, the 
equation of motion becomes 

a a 2 a 
at (ud) + - (U d) + gd (z+d) + gd Sf = 0 

ax 

in which u = mean velocity, d = flow depth, and z = bed elevation. 

Equation 5-134 is often used in reduced form. The derivatives are 
operated to yield 

The terms enclosed in brackets are a statement of the water continuity 
without lateral inflow, and equal zero by definition. Furthermore, if 
Mz/Mx = -So,  Equation 5-135 reduces to 

i a u  u a u  ad , +, = ,  - -  + - - + - -  
g a t  g a x  ax 0 f 

which is the equation of motion in its reduced form. 

Classification of Shallow Water Waves 

One of the most interesting and important phenomena in unsteady 
open channel flow is that of the propagation of shallow waves. Shallow 
waves are those for which the water depth is small in comparison with 
the wavelength. Deep waves, on the other hand, are those for which the 
water depth is much larger than the wavelength. Shallow waves are 
commonly present in river and canal flow, in which the wave can "feel" 
the presence of the channel bottom. Deep waves belong more to the realm 
of the ocean environment. 



Shallow w a t e r  waves i n  open channel  f low a r e  commonly c l a s s i f i e d  
a c c o r d i n g  t o  t h e  r e l a t i v e  magnitude o f  t h e  v a r i o u s  f o r c e s  r e s p o n s i b l e  
f o r  t h e  motion.  These f o r c e s  a r e  of t h r e e  t y p e s :  body, s u r f a c e  and 
i n e r t i a  f o r c e s .  The body f o r c e  i s  t h e  component of g r a v i t y  r e s o l v e d  
a l o n g  t h e  d i r e c t i o n  of motion.  The s u r f a c e  f o r c e s  can be  e i t h e r  normal 
( p r e s s u r e )  o r  t a n g e n t i a l  ( s t r e s s e s ) .  The normal f o r c e  i s  t h e  p r e s s u r e  
g r a d i e n t  a long  t h e  d i r e c t i o n  of moti.on. The t a n g e n t i a l  f o r c e s  a r e  t h e  
bottom and w a t e r  s u r f a c e  s t r e s s e s .  The bottom s t r e s s e s  a r e  caused by 
f r i c t i o n ,  w h i l e  t h e  wa te r  s u r f a c e  s t r e s s e s  a r e  normal ly  a t t r i b u t e d  t o  
wind. The l a t t e r  a r e  u s u a l l y  n e g l e c t e d  i n  open channe l  f low c a l c u l a -  
t i o n s .  The two t y p e s  o f  i n e r t i a l  f o r c e s  a r e  convec t ive  i n e r t i a  and 
l o c a l  i n e r t i a .  

I n  Equa t ion  5-136 ( l / g )  ( a u / a t )  r e p r e s e n t s  t h e  l o c a l  i n e r t i a  
f o r c e ,  ( u l g )  (au jax)  r e p r e s e n t s  t h e  convec t ive  i n e r t i a  f o r c e ,  (ad/ax)  
r e p r e s e n t s  t h e  p r e s s u r e  g r a d i e n t  f o r c e ,  Sf r e p r e s e n t s  t h e  f r i c t i o n  
f o r c e  a l o n g  t h e  channel  bot tom,  and So r e p r e s e n t s  t h e  g r a v i t y  f o r c e .  

A kinemat ic  wave i s  d e f i n e d  a s  t h a t  wave i n  which t h e  i n e r t i a  t e rms  
(bo th  l o c a l  and convec t ive )  a r e  n e g l e c t e d  on t h e  grounds o f  b e i n g  v e r y  
s m a l l  i n  comparison w i t h  t h e  remaining t e r m s .  The two t y p e s  of 
k inemat ic  waves a r e  a  nondi f fus ive -k inemat ic  wave (k inemat ic  wave) which 
n e g l e c t s  n o t  o n l y  t h e  i n e r t i a  terms b u t  a l s o  t h e  p r e s s u r e  g r a d i e n t  term 
and a  d i f f u s i v e - k i n e m a t i c  wave ( d i f f u s i v e  wave) which n e g l e c t s  o n l y  t h e  
i n e r t i a  t e rms .  

The reasons  f o r  t h e  use  of k inemat ic  and d i f f u s i v e  waves a r e  
e a s e  o f  s o l u t i o n  and a p p l i c a b i l i t y .  Without t h e  n e g l e c t e d  t e r m s ,  t h e  
e q u a t i o n s  of open channel  f low a r e  considerab1.y s i m p l i f i e d  and more 
amenable t o  mathemat ical  t r e a t m e n t .  Fur thermore,  t h e r e  a r e  a  l a r g e  
number o f  p r a c t i c a l  c a s e s  i n  which t h e  n e g l e c t  of terms i s  indeed  
j u s t i f i e d .  T h e r e f o r e ,  t h e  p r o p e r  use  of t h e s e  s i m p l i f i e d  wave models 
h inges  on t h e i r  a p p l i c a b i l i t y  t o  a  p a r t i c u l a r  problem s i t u a t i o n .  

An i n e r t i a l  wave i s  d e f i n e d  a s  t h a t  wave i n  which t h e  f r i c t i o n  and 
g r a v i t y  components of t h e  motion a r e  e i t h e r  z e r o  o r  n e g l i g i b l e .  There- 
f o r e ,  such  a  wave i s  governed s t r i c t l y  by t h e  i n e r t i a  and p r e s s u r e  
g r a d i e n t  f o r c e s .  I n e r t i a l  waves a r i s e  i n  connec t ion  w i t h  uns teady  open 
channel  f low phenomena i n v o l v i n g  sudden changes i n  mean v e l o c i t y  and 
flow d e p t h .  

A dynamic wave i s  d e f i n e d  a s  t h a t  wave i n  which a l l  f o r c e s  ( l o c a l  
i n e r t i a ,  convec t ive  i n e r t i a ,  p r e s s u r e  g r a d i e n t ,  f r i c t i o n  and g r a v i t y )  
i n t e r a c t  f r e e l y  w i t h  no one p a r t i c u l a r  f o r c e  p redomina t ing  o v e r  t h e  
o t h e r s .  A s  such ,  it i s  t h e  most g e n e r a l  t y p e  of sha l low w a t e r  wave, an  
a s s e t  t o  be  c e r t a i n l y  recognized .  However, i t s  s o l u t i o n  i s  q u i t e  e l a b -  
o r a t e  s i n c e  it t a k e s  i n t o  c o n s i d e r a t i o n  t h e  complete e q u a t i o n  of motion 
t o g e t h e r  w i t h  t h e  e q u a t i o n  of wa te r  c o n t i n u i t y .  

A summary o f  t h e  c l a s s i f i c a t i o n  o f  sha l low wate r  waves t r e a t e d  h e r e  
i s  g iven  i n  Tab le  5-3. 



Table 5-3. Classification of shallow water waves. 

Forces and Terms 

Inertia 
- -- 

Surface Body 

Pressure Friction Bottom 
Local Convective Gradient Slope Slope 

Wave 

Kinema tic 4 4 

Diffusive ./ J J 

Inertial J J J 

Dynamic 4 J 4 J 4 

Kinematic Waves 

This section discusses the nondiffusive-kinematic wave, referred to 
simply as kinematic wave. The following section will cover the diffu- 
sive-kinematic wave, referred to as diffusive wave. 

The kinematic wave model assumes that the inertia and pressure 
gradient terms in the equation of motion are negligible compared to the 
friction and gravity terms. Without the inertia and pressure gradient 
terms, Equation 5-136 reduces to 

This equation could be construed as a statement of uniform flow. 
Therefore, the kinematic wave is sometimes erroneously associated with 
the uniform flow condition. The wavelike features of the kinematic 
wave, however, are preserved through the equation of water continuity, 
which does contain information on the nonuniformity and unsteadiness of 
the flow. 

The behavior of the kinematic wave model is described by the 
kiilematic wave equation. This equation is derived from Equation 5-137 
and the equation of water continuity, Equation 5-129. Equation 5-137 
can be expressed as a uniform flow resistance formula, for which there 
is a choice of either Manning's or Chezy's 



i n  which R = hydraul ic  r ad ius ,  n  = Manning's c o e f f i c i e n t ,  and C = 
Chezy's c o e f f i c i e n t .  Be d e f i n i t i o n ,  R = A/P, i n  which P is  t h e  wetted 
per imeter .  I n  gene ra l ,  t h e  wetted perimeter  i s  a  func t ion  of t h e  flow 
a r e a ,  and the  P-A r e l a t i o n s h i p  descr ibes  t h e  shape of t h e  c ros s  s e c t i o n .  
Once t h i s  r e l a t i o n s h i p  i s  known a t  a  given c ros s  s e c t i o n ,  Equations 
5-138 and 5-139 desc r ibe  a  unique Q-A r e l a t i o n s h i p ,  s i n c e  n  and C 
a r e  taken a s  cons t an t s ,  and Sf = S = cons tan t .  Thus, t h e  discharge-  

0 
a r ea  r e l a t i o n  reduces t o  

i n  which cr = a  c o e f f i c i e n t  conta in ing  information on t h e  r e s i s t a n c e  
f a c t o r ,  t h e  bottom s l o p e ,  and the  shape of t h e  c ros s  s e c t i o n ,  and fl = 
an exponent conta in ing  information on t h e  type  of r e s i s t a n c e  formula 
(Manning o r  Chezy) and t h e  shape of t h e  c ross  s e c t i o n .  

The kinematic wave equat ion i s  der ived by mul t ip ly ing  Equation 
5-129 by a Q / a A ,  l ead ing  t o  

The term i n  pa ren thes i s  i n  Equation 5-141 i s  t h e  kinematic wave 
c e l e r i t y  ( a l s o  r e f e r r e d  t o  a s  t he  Kleitz-Seddon c e l e r i t y ) ,  obtained from 
Equation 5-140 

from which 

u  be ing  t h e  mean flow v e l o c i t y .  

Equation 5-141 i s  a  q u a s i l i n e a r  f i r s t  o rde r  p a r t i a l  d i f f e r e n t i a l .  
equat ion.  I t  i s  q u a s i l i n e a r  because t h e  kinematic wave c e l e r i t y  i s  a  
func t ion  of t h e  mean flow v e l o c i t y ,  which inc reases  wi th  discharge. .  
Since it i s  a f i r s t  o rde r  equat ion ,  it can only desc r ibe  convect ion 
(wave t r a v e l )  and not  d i f f u s i o n  (wave a t t e n u a t i o n ) .  I t s  q u a s i l i n e a r  
proper ty  enables  t h e  deformation (wave skewness) of t h e  hydrograph, 
manifested a s  a  s teepening  r i s i n g  limb and f l a t t e n i n g  receding limb a s  
t h e  wave moves downstream. I f  l e f t  uncont ro l led ,  t h e  wave s teepening  
w i l l  even tua l ly  develop i n t o  t h e  so -ca l l ed  "kinematic shock," which 
resembles a  dynamic shock bu t  i n  t h e  absence of i n e r t i a .  

I n  summary, t he  neg lec t  of t h e  i n e r t i a  and p re s su re  g rad ien t  terms 
of t h e  equat ion  of motion leads  t o  t h e  kinematic wave equat ion .  This  

4 equat ion  provides  f o r  convection (wave t r a v e l )  and deformation (wave 
skewness), b u t  does not  t ake  i n t o  account d i f f u s i o n  (wave a t t e n u a t i o n ) .  
The d i f f u s i v e  p rope r ty  i s  l o s t  a s  p a r t  of t h e  neglected terms. 



D i f f u s i v e  Waves 

This  s e c t i o n  covers  t h e  d i f f u s i v e - k i n e m a t i c  wave, commonly r e f e r r e d  
t o  a s  d i f f u s i v e  wave. 

The d i f f u s i v e  wave model assumes t h a t  t h e  i n e r t i a  ( l o c a l  and 
convec t iye )  terms of t h e  e q u a t i o n  o f  
t o  t h e  p r e s s u r e  g r a d i e n t ,  f r i c t i o n ,  
i n e r t i a  t e r m s ,  Equat ion 5-136 reduces  

The behav ior  of t h e  d i f f u s i v e  

motion a r e  n e g l i g i b l e  a s  compared 
and g r a v i t y  t e rms .  Without t h e  

t o  

wave model i s  d e s c r i b e d  by t h e  
d i f f u s i v e  wave e q u a t i o n .  For t h e  sake o f  s i m p l i c i t y ,  t h i s  e q u a t i o n  i s  
d e r i v e d  h e r e i n  assuming a  wide channel  governed by Chezy f r i c t i o n :  The 
e q u a t i o n  of wa te r  c o n t i n u i t y  i s  r e c a s t  a s  

i n  which B = channel  wid th .  Equa t ion  5-144 
Equat ion 5-139, l e a d i n g  t o  

Taking i n t o  c o n s i d e r a t i o n  t h e  wide channel  
5-146 reduces  t o  

3/2  ad)  1 / 2  Q CBd (So - , 

(5-145) 

i s  s u b s t i t u t e d  i n t o  

(5- 146) 

assumption,  Equat ion 

(5-147) 

D i f f e r e n t i a t i n g  Equat ion 5-147 w i t h  r e s p e c t  t o  x ,  and s u b s t i t u t i n g  
aQ/ax i n t o  Equa t ion  5-145, l e a d s  t o  

i n  which ck = 1 . 5  u  i s  t h e  k inemat ic  wave c e l e r i t y  cor responding  t o  a  

wide channel  w i t h  Chezy f r i c t i o n ,  and p = ud/2Sf i s  t h e  d i f f u s i o n  

c o e f f i c i e n t  ( o r  a l s o ,  h y d r a u l i c  d i f f u s i v i t y ) .  Note t h a t  u n l i k e  Equat ion 
5-141, Equa t ion  5-148 c o n t a i n s  b o t h  a  convec t ion  and a d i f f u s i o n  term. 
D i f f u s i v e  wave e q u a t i o n s  w i t h  d i s c h a r g e  o r  f low a r e a  a s  t h e  dependent 
v a r i a b l e  can al-so be d e r i v e d ,  a l b e i t  under some a d d i t i o n a l ,  a s s ~ u n p t i o n s .  

The d i f f u s i v e  wave e q u a t i o n  i s  a q u a s i l i n e a r  second o r d e r  p a r t i a l  
d i f f e r e n t i a l  e q u a t i o n .  A s  s u c h ,  i t  can account  f o r  t h e  c o n v e c t i o n ,  d i f -  
f u s i o n  and deformat ion of t h e  hydrograph. Unl ike  t h e  k inemat ic  wave, 
t h e  deformat ion ( s t e e p e n i n g  of t h e  r i s i n g  l imb)  cannot  proceed 
u n c o n t r o l l e d ,  s i n c e  t h e  d i f f u s i v e  c h a r a c t e r  of t h e  wave would t end  t o  
c o u n t e r a c t  t h e  s t e e p e n i n g  tendency.  T h e r e f o r e ,  t h e  k inemat ic  shock 
phenomenon which o f t e n  p lagues  kinemat ic  wave computat ions  i s  r o t a l l y  
a b s e n t  i n  c o ~ n p u t a t i o n s  us ing  t h e  d i f f u s i v e  wave. 



I n  summary, t h e  neglec t  of t h e  i n e r t i a  terms i n  t h e  equat ion of 
motion l eads  t o  t h e  d i f f u s i v e  wave equat ion .  This  equat ion provides f o r  
convection, d i f f u s i o n ,  and deformation of t h e  hydrograph. The d i f f u s i v e  
f e a t u r e s  of t h e  wave can be l inked  t o  t he  presence of t h e  p re s su re  
g rad ien t  term. 

I n e r t i a l  Waves 

The i n e r t i a l  wave model assumes t h a t  t h e  f r i c t i o n  and g r a v i t y  terms 
a r e  n e g l i g i b l e  a s  compared with t h e  i n e r t i a  and p re s su re  g rad ien t  terms.  
Without t h e  f r i c t i o n  and g rav i ty  terms,  Equation 5-136 reduces t o  

The water con t inu i ty  equat ion,  expressed i n  terms of v e l o c i t y  and 
flow depth and neglec t ing  l a t e r a l  in f low,  i s  

Equations 5-149 and 5-150 c o n s t i t u t e  a  s e t  of two q u a s i l i n e a r  f i r s t  
o rde r  p a r t i a l  d i f f e r e n t i a l  equat ions desc r ib ing  t h e  i n e r t i a l  wave model. 
Thei r  a n a l y t i c a l  s o l u t i o n  i s  c a r r i e d  out  by l i n e a r i z i n g  t h e  dependent 
v a r i a b l e s  u and d  around re ference  va lues  u  and do. The l i n e a r -  

0 

b i zed  equat ions a r e  then used t o  so lve  f o r  one dependent v a r i a b l e  a t  a  
t ime,  lead ing  t o  a  second order  p a r t i a l  d i f f e r e n t i a l  equat ion  desc r ib ing  
a wave with v e l o c i t y  c .  def ined by 

1 

Equation 5-151 i s  t h e  i n e r t i a l  wave c e l e r i t y  ( a l s o  r e f e r r e d  t o  a s  
t h e  Lagrangian c e l e r i t y ) .  I t  descr ibes  t he  speed of t r a v e l  of f r e e  su r -  
f a c e  flow waves i n  t h e  absence of g r a v i t y  and f r i c t i o n .  Notice t h a t  
t h e  i n e r t i a l  wave has two s o l u t i o n s ,  un l ike  t h e  kinematic and d i f f u s i v e  
waves which have only one s o l u t i o n  ( p r e c i s e l y  because of t h e i r  l a c k  of 
i n e r t i a ) .  Depending on t h e  va lue  of t h e  Froude number 

the  s o l u t i o n s  can e i t h e r  t r a v e l  one upstream and one downstream 
(Fo F  I ) ,  o r  t r a v e l  both downstream (Fo J 1 ) .  For Fo = 1, one of t h e  

s o l u t i o n s  is a  s t a t i o n a r y  ( s t i l l )  wave 

The a n a l y t i c a l  s o l u t i o n  of t h e  one dimensional wave equat ion  
desc r ib ing  t h e  i n e r t i a l  wave model does not  l ead  t o  wave d i f f u s i o n .  
Therefore,  t h e  i n e r t i a l  wave model cannot account f o r  wave a t t e n u a t i o n .  

b, I n  summary, t h e  neg lec t  of t h e  g r a v i t y  and f r i c t i o n  terms i n  t h e  
equat ion  of motion leads  t o  t h e  i n e r t i a l  wave equat ion.  This  equat ion  
provides f o r  convection (wave t r a v e l )  a t  t h e  well-known i n e r . t i a 1  wave 
c e l e r i t y .  I t  does not  take  i n t o  account d i f f u s i o n ,  which i s  l o s t  a s  
p a r t  of t he  neglected terms. 



Dynamic Waves 

A dynamic wave is defined as that .wave in which all forces 
(inertia, surface, and body) interact freely, with no one particular 
force predominating over the others. Its solution is based on the 
complete equation of motion, Equation 5-136, and the equation of water 
continuity. These equations constitute a set of two quasilinear first 
order partial differential equations for which no complete analytical 
solution is available to date. However, a particular solution derived 
by using the tools of linear analyis can provide a wealth of information 
on the characteristics of the dynamic wave. 

Following Ponce and Simons (1977), Equations 5-131 and 5-136 are 
linearized around reference values. A sinusoidal solution is forced on 
the linearized system of equations, leading to a homogeneous system of 
linear algebraic equations. The nontrivial condition for the determi- 
nant of the coefficient matrix enables the determination of the celerity 
and attenuation characteristics of the dynamic wave. These are shown to 
be functions of the reference flow Froude number Fo and a dimension- 
less wave number defined as 

in which L = wavelength, and L = do/So = the length of channel 
necessary for the reference flow to drop a head equal to its depth. 
Notice that 6 contains information on the size of the wave phenomena, 
the bottom slope, and the channel friction. 

There are three well-defined bands in the spectrum of dimensionless 
wave numbers (0 < 6 < m): 1) a kinematic band, corresponding to the 
smaller wave numbers, in which the wave celerity is essentially the 
kinematic wave celerity; 2) an inertial band, corresponding to the 
larger wave numbers, in which the wave celerity is essentially the 
inertial wave celerity; and 3) a dynamic band, corresponding to wave 
numbers in the intermediate range, in which the wave celerity lies in 
between the kinematic and inertial wave celerity values. Such a trend 
is depicted in Figure 5-26, which shows the dimensionless wave number i? 

A 

in the abscissae, and the dimensionless relative celerity c defined r 
as 

in the ordinates. Figure 5-26 shows that for small values of 8, the 
relative celerity approaches asymptotically the relative kinematic r 
wave celerity val.ue (0.5 for the case of wide channels with Chezy 
friction). For large values of 6 , the relative celerity ap- r 
proaches asymptotically the relative inertial wave celerity value 
(lF0) For intermediate values of 8 , the relative dynamic wave 

celerity is between 0.5 and l/Fo. 



Figure  5-26. Dimensionless r e l a . t i ve  c e l e r i t y  ; r '  

versus  dimensionless wave number 6;  
curve parameter = Froude number Fo , 
(0 .01  - < F < 1 0 ) .  

0 - 

Figure  5-27.  Primary wave logar i thmic  decrement ... 3 
versus  dimensionless wave number o;  
curve parameter = Froude number Po , 
(Fo < 2) 



The a t t e n u a t i o n  c h a r a c t e r i s t i c s  f o r  t h e  spectrum of  d imens ion less  
wave numbers i s  p o r t r a y e d  i n  F i g u r e  5-27.  The o r d i n a t e  i s  a  decay 
paramete r  A r e f e r r e d  t o  a s  l o g a r i t h m i c  decrement,  d e f i n e d  i n  

i n  which a  = i n i t i a l  wave ampl i tude and a  = wave ampl i tude  a f t e r  one 
0 1 

p e r i o d  o f  p ropaga t ion .  Th is  f i g u r e  d e p i c t s  t h e  v a r i a t i o n  of t h e  loga-  
r i t h m i c  decrement of t h e  pr imary wave ( t h a t  t r a v e l i n g  always i n  t h e  same 
d i r e c t i o n  a s  t h e  main flow) a s  a  f u n c t i o n  o f  8,  and f o r  Fo < 2 .  The 
decay r a t e  i s  a  minimum a t  b o t h  extremes of t h e  6 spectrum;  3 + 0 
corresponds t o  t h e  kinemat ic  wave c a s e ;  . 6 + (*, cor responds  t o  t h e  
i n e r t i a l  wave c a s e .  I n  t h e  i n t e r m e d i a t e  6 range ,  t h e  decay r a t e  i s  
v e r y  h i g h ,  i n d i c a t i n g  t h a t  t h e  pr imary dynamic wave has  markedly s t r o n g  
d i s s i p a t i v e  t e n d e n c i e s .  For  a  more d e t a i l e d  d i s c u s s i o n  on t h e  
c h a r a c t e r i s t i c s  of t h e  dynamic wave, r e f e r e n c e  i s  made t o  Ponce and 
Simons (1977).  

I n  summary, t h e  dynamic wave t a k e s  i n t o  account  a l l  f o r c e s  p r e s e n t  
i n  open channel  f low.  I t  can d e s c r i b e  c o n v e c t i o n ,  d i f f u s i o n  and 
deformat ion.  The c e l e r i t y  and a t t e n u a t i o n  a r e  f u n c t i o n s  of t h e  
r e f e r e n c e  f low Froude number and a  d imens ion less  wave number c h a r a c t e r -  
i s t i c  of t h e  unsteady component o f  t h e  motion and t h e  channel  
p r o p e r t i e s .  The dynamic wave c e l e r i t y  l i e s  between t h e  k inemat ic  and 
i n e r t i a l  wave c e l e r i t y  v a l u e s .  The a t t e n u a t i o n  o f  t h e  dynamic wave i s  
markedly s t r o n g ,  w i t h  a  maximum around t h e  midrange v a l u e s  of t h e  
dimensionless  wave number. 

Flood Rout ing  

The f o l l o w i n g  i s  a n  overview of f l o o d  p r o p a g a t i o n  phenomena i n  open 
channe l s .  F i r s t ,  some fundamental  concepts  on, t h e  n a t u r e  o f  f l o o d s  a r e  
in t roduced .  Th is  l e a d s  n a t u r a l l y  i n t o  f l o o d  r o u t i n g  and a  c l a s s i f i c a -  
t i o n  of f l o o d  r o u t i n g  methods. The remainder o f  t h e  c h a p t e r  d e s c r i b e s  
b r i e f l y  some of t h e  most impor tan t  methods, emphasizing t h e i r  major 
f e a t u r e s  and g i v i n g  a r a t i o n a l e  f o r  t h e i r  u s e .  

Nature  o f  Flood Waves 

I t  i s  perhaps  an  o d d i t y  t h a t  t h e  n a t u r e  of f l o o d  waves i s  most 
r e a d i l y  grasped by look ing  a t  t h e  system r a t h e r  t h a n  a t  t h e  f l o o d  wave 
i t s e l f .  The system could be e i t h e r  a  channe l ,  a  r e s e r v o i r  ( o r  l a k e ) ,  o r  
a  c h a n n e l - r e s e r v o i r  combination.  Th is  d i s t i n c t i o n  i s  of fundamental  
importance,  a s  w i l l  b e  shown h e r e .  The channel  c a s e  i s  u s u a l l y  
a s s o c i a t e d  w i t h  t h e  e x i s t e n c e  of a  f i n i t e  (nonzero) w a t e r  s u r f a c e  s l o p e .  
The r e s e r v o i r  c a s e  i s  normal ly  t a k e n  t o  imply a z e r o  wate r  s u r f a c e  
s l o p e .  

Flood waves t r a v e l  downstream i n  a  channel  o r  r e s e r v o i r  and,  i n  
g e n e r a l ,  a r e  s u b j e c t  t o  a t t e n u a t i o n .  The r a t e  of t r a v e l  ( f l o o d  wave 
v e l o c i t y )  and t h e  r a t e  of a t t e n u a t i o n  depend on t h e  sys tem i n  which t h e  
f lood  wave is  moving. 



Flood waves i n  s t ream channe l s  t r a v e l  a t  an  a v e r a g e  v e l o c i t y  
c l o s e l y  cor responding  t o  t h a t  g iven by t h e  Klei tz-Seddon law 

They a t t e n u a t e  a t  a  r a t e  which i s  a  f u n c t i o n  of t h e  magnitude o f  
t h e  v a r i o u s  f o r c e s  invo lved  i n  t h e  motion.  Kinemat ic  waves do n o t  
a t t e n u a t e ,  d i f f u s i v e  waves a t t e n u a t e  a t  a  s m a l l  t o  moderate r a t e ,  and 
dynamic waves a r e  s u b j e c t  t o  v e r y  s t r o n g  a t t e n u a t i o n .  S t r i c t l y  speak- 
i n g ,  Equa t ion  5-156 i s  v a l i d  o n l y  f o r  f l o o d  waves which do n o t  a t t e n u a t e  
i . e . ,  k inemat ic  waves. However, it can a l s o  be used a s  a n  approximat ion 
f o r  f l o o d  waves s u b j e c t  t o  moderate a t t e n u a t i o n  i . e . ,  d i f f u s i v e  waves. 
F i g u r e  5-28 d e p i c t s  t h e  t y p i c a l  b e h a v i o r  o f  f l o o d  waves i n  s t ream 
c h a n n e l s .  

Flood waves i n  l a k e s  and r e s e r v o i r s  t r a v e l  a t  a n  i n f i n i t e  
v e l o c i t y  i . e . ,  t h e r e  i s  an i n s t a n t a n e o u s  response  (ou t f low hydrograph) 
t o  t h e  e x c i t a t i o n  ( in f low hydrograph) .  However, t h e  system e x e r t s  a  
d i f f u s i n g  e f f e c t  on t h e  f lood  wave, w i t h  t h e  r e s u l t  t h a t  t h e  peak o f  t h e  
ou t f low hydrograph i s  a t t e n u a t e d  and de layed .  A s i g n i f i c a n t  c h a r a c t e r -  
i s t i c  of f l o o d  waves through r e s e r v o i r s  i s  t h a t  a t  t h e  t ime  when t h e  
i n f l o w  and ou t f low a r e  e q u a l ,  t h e  ou t f low i s  a  maximum. F i g u r e  5-29 
d e p i c t s  t h e  t y p i c a l  behav ior  of f l o o d  waves i n  l a k e s  and r e s e r v o i r s .  

Flood Rout ing  

Although f l o o d  waves appear  t o  have w e l l - d e f i n e d  p r o p e r t i e s ,  i n  
p r a c t i c e  it i s  o f t e n  necessa ry  t o  c a r r y  o u t  e l a b o r a t e  c a l c u l a t i o n s  i n  
o r d e r  t o  de te rmine  t h e s e  p r o p e r t i e s .  The reason  f o r  t h i s  i s  t h e  
v a r i a b i l i t y  o f  t h e  n a t u r a l  environment ,  mani fes ted  i n  t h e  need t o  h a n d l e  
l a r g e  amounts of d a t a .  Flood r o u t i n g  is  d e f i n e d  a s  t h e  p r o c e s s  o f  
t r a c i n g  by c a l c u l a t i o n  t h e  movement of a  f l o o d  wave. The c a l c u l a t i o n s  
can proceed a l o n g  one of t h e  f o l l o w i n g . t w o  l i n e s : .  e i t h e r  by c o n s i d e r i n g  
o n l y  temporal  v a r i a t i o n s  (lumped c a s e ) ,  o r  by c o n s i d e r i n g  b o t h  t empora l  
and s p a t i a l  v a r i a t i o n s  ( d i s t r i b u t e d  c a s e ) .  The lumped c a s e  i s  t h e  
c l a s s i c a l  r e s e r v o i r  r o u t i n g  s i t u a t i o n ,  fo rmula ted  i n  terms of  one f i r s t  
o r d e r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n  ( t h e  s t o r a g e  e q u a t i o n ) .  The 
d i s t r i b u t e d  c a s e  corresponds t o  s t ream channel  r o u t i n g ,  fo rmula ted  i n  
terms of  two f i r s t  o r d e r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .  The l a t t e r  a r e  
commonly r e f e r r e d  t o  a s  t h e  e q u a t i o n s  of g r a d u a l l y  v a r i e d  uns teady  open 
channel  f low,  o r  a l s o ,  a s  t h e  S a i n t  Venant e q u a t i o n s .  

Under c e r t a i n  c o n d i t i o n s ,  t h e  S a i n t  Venant e q u a t i o n s  w i t h  
a p p r o p r i a t e  s i m p l i f i c a t i o n s  can be  combined i n t o  one second o r d e r  
p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  d e s c r i b i n g  convec t ion  and d i f f u s i o n .  T h i s  
e q u a t i o n  can be  used t o  d e s c r i b e  f l o o d  movement i n  a  l a r g e  number of 
p r a c t i c a l  a p p l i c a t i o n s .  

C l a s s i f i c a t i o n  of Flood Rout ing Methods 
4 

A knowledge o f  t h e  n a t u r e  of f l o o d  waves p r o v i d e s  a  good b a s i s  on 
which t o  develop a  c l a s s i f i c a t i o n  of f l o o d  r o u t i n g  methods. The most 
g e n e r a l  c l a s s i f i c a t i o n  i s  t h a t  o f  r e s e r v o i r  ( o r  l a k e )  r o u t i n g  and 



Flow 

- 
T ime 

Figure 5-28. Typical inflow and outflow hydrographs for 
flood waves in stream channels. 

Flow 

Figure 5-29. Typical inflow and outflow hydrographs for 
flood waves in lakes and reservoirs. 



stream channel routing. The essential difference between these two is 
that in the reservoir routing case the water surface slope is zero, 
while in stream channel routing it has a nonzero value. Several other 
criteria could be used to classify flood routing methods. Among these, 
the following are readily identified: 1) the equations used to formulate 
the problem, 2) the overall approach to data collection, and 3) the 
approach to obtaining a solution. 

According to the equations used to formulate the problem, flood 
routing methods can be classified as mass-balance methods, and mass- 
and-momentum-balance methods. The mass-balance methods use the ordinary 
differential equation of storage plus an auxiliary storage-outflow 
relationship. The mass-and-momentum-balance methods use the Saint 
Venant equations or appropriate simplifications. The use of the 
complete Saint Venant equations leads to the dynamic wave model, while 
the simplified forms lead to kinematic and diffusive waves. 

According to the approach to data collection, flood routing methods 
can be classified as hydrologic, in which the parameter estimation is 
based on hydrologic observations for individual channel reaches, and 
hydraulic, in which the parameter estimation is based on actual measure- 
ments of channel characteristics at individual cross-sections. 

According to the approach to obtaining a solution, flood routing 
methods can be classified as analytical and numerical. The analytical 
methods are based on the solution of differential equations specified on 
a continuous domain of space and time. The numerical methods are based 

' on the solution of algebraic equations on a discrete domain. Analytical 
solutions use the tools of classical mathematics such as linear analysis 
and Laplace transforms, while numerical solutions use characteristic or 
finite difference methods. 

Table 5-4 provides a summary of the classification of flood routing 
methods presented herein. 

Table 5-4. Classification of flood routing methods. 

Based on 
Equations 
Used 

Based on 
Approach 
to Data 
Collection 

Based on 
h Solution 

Technique 

Mass-balance: Storage equation and an auxiliary 
storage-outflow relationship. 

Mass-and-momentum-balance: Saint Venant equations 
(dynamic wave) or appropriate simplifications 
(kinematic and diffusive waves). 

Hydrologic Routing: Observations for channel 
reaches. 

Hydraulic Routing: Measurements of channel 
characteristics at individual cross-sections. 

Analytical Routing: Differential equations; 
continuous domain. 

Numerical Routing: Algebraic equations; discrete 
doma in. 



Reservo i r  Routing 

The r e s e r v o i r  r o u t i n g  methods fo l low d i r e c t l y  from t h e  d i f f e r e n t i a l  
e q u a t i o n  of. wa te r  s t o r a g e  

i n  which I = i n f l o w ,  0  = out f low,  V = volume of s t o r a g e ,  and t = t ime.  
A s i g n i f i c a n t  r o l e  i s  played by t h e  e q u a t i o n  r e l a t i n g  t h e  ou t f low r a t e  
t o  t h e  poo l  l e v e l ,  and t h e r e f o r e ,  t o  t h e  volume of  s t o r a g e  (V-0 
r e l a t i o n s h i p ) .  

A widely  recognized method of r e s e r v o i r  r o u t i n g  is  t h e  l e v e l  p o o l  
( o r  P u l s )  t echn ique .  Equat ion 5-157 i s  d i s c r e t i z e d  o v e r  a  t ime  i n t e r v a l  

W t  t o  y i e l d  

i n  which t h e  s u b s c r i p t s  1 and 2  r e f e r  t o  c o n d i t i o n s  a t  t h e  s t a r t  and end 
of t h e  time i n t e r v a l  A t ,  r e s p e c t i v e l y .  Equa t ion  5-158 i s  r e a r r a n g e d  t o  

i n  which 
vi Oi 

N .  = z + r  ( i = 1 , 2 ,  ...) 
1 

(5 - 160) 

i s  r e f e r r e d  t o  a s  t h e  s t o r a g e  i n d i c a t i o n  q u a n t i t y .  

The i n p u t  d a t a  c o n s i s t s  of t h e  in f low hydrograph and a  r e l a t i o n s h i p  
between s t o r a g e  and outf low (V-0). A s u i t a b l e  W t  i s  chosen,  and t h e  
in f low hydrograph i s  d i s c r e t i z e d  i n  t i m e ,  y i e l d i n g  a  s e r i e s  of I 
v a l u e s .  The V - 0  r e l a t i o n s h i p  and Equat ion 5-160 a r e  used t o  d e r i v e  an  
N-0 r e l a t i o n s h i p .  A known i n i t i a l  v a l u e  o f  0 i s  used t o  o b t a i n  a n  
i n i t i a l  v a l u e  of N through t h e  N - 0  r e l a t i o n s h i p .  The c a l c u l a t i o n  
p roceeds  by a  s e q u e n t i a l  a p p l i c a t i o n  of t h e  f o l l o w i n g  two s t e p s :  1) 
upda t ing  t h e  v a l u e  o f  N by u s i n g  Equat ion 5-159 and 2) u p d a t i n g  t h e  
v a l u e  o f  0 by u s i n g  t h e  N-0 r e l a t i o n s h i p .  The series o f  0 v a l u e s  
computed i n  t h i s  way d e p i c t  t h e  hydrograph a t t e n u a t i o n  and d e l a y  t y p i c a l  
o f  r e s e r v o i r  r o u t i n g  methods ( see  F i g u r e  5-29) .  

Stream Channel Rout ing 

A f e a t u r e  common t o  a l l  s t r eam channel  r o u t i n g  methods i s  t h a t  t h e y  
c o n s i d e r  t h e  b a l a n c e  o f  mass and momentum, whether t h i s  i s  e x p l i c i t l y  
s t a t e d  o r  n o t .  H i s t o r i c a l l y ,  s t r eam channel  r o u t i n g  methods have deve- 
loped. a l o n g  t h r e e  major p a t h s .  These a r e :  1 )  t h e  c l a s s i c a l  approach,  
i n  which a n  a l g e b r a i c  in f low-ou t f low-s to rage  r e l a t i o n s h i p  i s  s u b s t i t u t e d  
f o r  t h e  e q u a t i o n  of motion,  2) t h e  numerical  approach,  which relies on 
t h e  numerical  s o l u t i o n  of t h e  complete S a i n t  Venant e q u a t i o n s ,  and 3) 
t h e  s i m p l i f i e d  approach,  which u s e s  a  c o n v e c t i o n - d i f f u s i o n  e a u a t i o n .  



The C l a s s i c a l  Approach 

The c l a s s i c a l  approach o r ig ina t ed  i n  t h e  r e a l i z a t i o n  t h a t ,  un l ike  
r e s e r v o i r  rou t ing ,  i n  stream channel rout ing  t h e  reach s to rage  V i s  a  
func t ion  nb t  only of t h e  outflow 0 b u t  a l s o  of t h e  inf low I .  This 
l e d  n a t u r a l l y  i n t o  the  formulat ion of s e v e r a l  hypotheses f o r  t h i s  
r e l a t i o n s h i p .  One of t h e  most widely recognized of t hese  hypotheses i s  
t h a t .  of t h e  Muskingum method, which d a t e s  back t o  1934, and i s  s t a t e d  
a s  

i n  which K and X = parameters t o  be determined by c a l i b r a t i o n  us ing  
h i s t o r i c a l  f lood  da t a  f o r  t he  reach under s tudy .  

Equations 5-157 and 5-16]. l ead  t o  t h e  Muskingum rou t ing  equat ion ,  
s t a t e d  a s  

from which t h e  outflow a t  t he  new time l e v e l  O2 
can be ca l cu la t ed  from 

a  knowledge of t h e  inflow a t  t he  p re sen t  l e v e l  I t h e  inf low a t  t h e  new 
1  ' time l e v e l  12, and t h e  outflow a t  t h e  p re sen t  time l e v e l  O1. The 

c o e f f i c i e n t s  C l ,  C 2 ,  and C3 a r e  t h e  Huskingum coef f ic i ' en ts ,  and they  

a r e  func t ions  of t h e  Muskingum parameters K and X ,  and t h e  time 
i n t e r v a l  Wt. 

The Numerical A ~ ~ r o a c h  

The development of t h e  numerical approach t o  f lood  rout ing  was 
t r i gge red  by t h e  advent of t h e  e l e c t r o n i c  computer and t h e  quantum 
inc rease  i n  computational power t h a t  ensued. P a r a l l e l i n g  t h e  a v a i l -  
a b i l i t y  of t he  computer, s i g n i f i c a n t  progress  was made i n  t h e  f i e l d  of 
appl ied  mathematics, p a r t i c u l a r l y  wi th  re ference  t o  t h e  numerical 
s o l u t i o n  of p a r t i a l  d i f f e r e n t i a l  equat ions .  Towards t h e  m i d - f i f t i e s ,  
t h e s e  advances made poss ib l e  t h e  e a r l y  succes s fu l  a t tempts  t o  so lve  t h e  
S a i n t  Venant equat ions by numerical methods with t h e  a i d  of t h e  
computer. La ter  developments were concentrated on inc reas ing  t h e  
e f f i c i e n c y  and r e l i a b i l i t y  of t he  numerical approach t o  f lood  rou t ing .  

The numerical s o l u t i o n  of t h e  S a i n t  Venant equat ions  can be c a r r i e d  
out  by e i t h e r :  t h e  method of c h a r a c t e r i s t i c s ,  o r  f i n i t e  d i f f e r -  
ence methods. I n  t h e  method of c h a r a c t e r i s t i c s ,  t h e  two p a r t i a l  
d i f f e r e n t i a l  equat ions (water con t inu i ty  and motion) a r e  replaced by 
four  ord inary  d i f f e r e n t i a l  equat ions which a r e  solved numerical ly  on a  
c h a r a c t e r i s t i c  g r i d .  The i n t e r s e c t i o n s  of c h a r a c t e r i s t i c  l i n e s  on t h e  
x - t  p lane  de f ine  t h e  c h a r a c t e r i s t i c  g r i d  ( see  F igure  5-30).  

I n  t h e  f i n i t e  d i f f e r ence  methods, t h e  func t ions  ( e . g . ,  d i scharge ,  
Q ,  flow a rea  A ,  s t age  y )  and t h e i r  d e r i v a t i v e s  ( e . g . ,  aQ/ax, aA/at)  

h a r e  expressed i n  terms of t h e i r  values on a  r ec t angu la r  g r i d  def ined on 
t h e  x - t  p lane  (see Figure 5-31) .  A f i n i t e  d i f f e r e n c e  scheme i s  a  
formula expressing a r e l a t i o n s h i p  between neighboring va lues  on t h e  
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Figure 5-30. Characteristic grid on the x-t plane 



rectangular grid. There are two types of finite difference schemes the 
explicit, and the implicit. Explicit schemes are those that advance the 
solution in time and space by solving for the unknown variables, one 
grid point at a time. Implicit schemes advance the solution in 
time by simultaneously solving for the unknown variables at a number of 
grid points. 

Explicit schemes are relatively simple to formulate, but are 
usually limited to a small time step At by considerations of numerical 
stability. Implicit schemes require the inversion of a matrix, but are 
not subject to the strict stability criterion of explicit schemes. In 
general, implicit schemes are more efficient than explicit schemes in 
their use of computational resources. 

There is a marked difference between the classical and numerical 
approaches. The latter is based on the complete equations, and there- 
fore, can describe nonlinear effects, looped stage-discharge relation- 
ships and other physical details which the classical approach simply 
cannot consider. On the other hand, the numerical approach represents 
an altogether higher level of sophistication, demanding not only a 
thorough understanding of the physical processes, but also a knowledge 
of numerical methods and computer programming. Nevertheless, the 
increasing use of computers in all aspects of engineering analysis and 
design guarantees that the numerical approach will continue to play a 
leading role in the future. The challenge, of course, remains to keep 
the numerical approach in the proper perspective, making sure that it 
does not substitute for sound physical reasoning and competent engineer- 
ing judgment . 

The simplified approach to flood routing has its origins in the 
observations of Hayami (1951). Hayami pointed out that, given all the 
irregularities present in natural channels, it is striking that the flow 
appears steady and nearly uniform in the mean. He reasoned that the 
disturbances caused by these irregularities quickly damp away as part of 
a large scale process of longitudinal mixing. This led Hayami to the 
formulation of a differential equation of flood waves describing convec- 
tion and diffusion. Later, Lighthill and Whitham (1955) used similar 
physical reasoning to formulate their kinematic wave theory. 

In essence, the simplified approach to flood routing is based on 
the realization that in a large number of practical cases, the inertia 
terms of the equation of motion play an exceedingly small role. Without 
these terms, the Saint Venant equations can be combined into one second 
order partial differential equation describing convection and diffusion. 
Furthermore, if the pressure gradient term of the equation of motion is 
also neglected, the resulting equations can be combined into a first 
order partial differential equation describing only convection. The 
convection-diffusion equation forms the basis of the diffusive wave 
model. Likewise, the convection-only equation is referred to as the 
kinematic wave model. Both models can describe flood wave movement, 
provided sufficient care is exercised in their use. 



S e v e r a l  comments a r e  necessa ry  r e g a r d i n g  t h e  s i m p l i f i e d  approach t o  
f l o o d  r o u t i n g .  F i r s t ,  i t s  s o l u t i o n  i s  based on one p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n ;  t h e r e f o r e ,  o n l y  one dependent v a r i a b l e  ( u s u a l l y  d i s c h a r g e  Q) 
can b e  c a l c u l a t e d  a t  a  t ime .  The remaining dependent v a r i a b l e  ( e i t h e r  
s t a g e  y  o r  f low a r e a  A)  i s  c a l c u l a t e d  from a  s i n g l e - v a l u e d  r a t i n g  
curve.  S t r i c t l y  speak ing ,  t h i s  procedure  i s  c o r r e c t  o n l y  a s  a n  approx i -  
mat ion t o  t h e  unsteady f e a t u r e s  of t h e  f l o o d  wave which do i n c l u d e  a  
loop  i n  t h e  r a t i n g  curve ( s e e  F igure  5 -32) .  

Second, it i s  noted t h a t  t h e  s i m p l i f i e d  approach l e a d s  t o  a  
q u a s i l i n e a r  ( v a r i a b l e  c o e f f i c i e n t )  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n .  Th is  
e q u a t i o n  can be  s o l v e d  e i t h e r  i n  i t s  o r i g i n a l  form, o r  l i n e a r i z e d  
(assuming c o n s t a n t  c o e f f i c i e n t s )  i n  t h e  i n t e r e s t  o f  mathemat ical  
expediency.  Of c o u r s e ,  t h e  q u a s i l i n e a r  f e a t u r e s  of t h e  wave movement 
a r e  l o s t  i n  t h e  l i n e a r i z e d  s o l u t i o n ,  a  s i t u a t i o n  which can l e a d  t o  a  
decrease  i n  t h e  o v e r a l l  accuracy of t h e  s i m p l i f i e d  approach.  

T h i r d ,  t h e  q u a s i l i n e a r  f e a t u r e s  of t h e  wave movement may l e a d  t o  
p h y s i c a l l y  u n r e a l i s t i c  r e s u l t s  i n  a  h i g h l y  s i m p l i f i e d  model such  a s  t h e  
kinemat ic  wave. The q u a s i l i n e a r  p r o p e r t y  i s  mani fes ted  a s  a s t e e p e n i n g  
r i s i n g  limb and a  f l a t t e n i n g  reced ing  l imb a s  t h e  wave moves downstream 
( s e e  F igure  5 -33) .  I f  l e f t  u n c o n t r o l l e d ,  t h e  wave s t e e p e n i n g  w i l l  
e v e n t u a l l y  develop i n t o  t h e  s o - c a l l e d  k inemat ic  shock, which resembles a  
dynamic shock b u t  i n  t h e  absence o f  i n e r t i a .  Such problems a r e  
a l t o g e t h e r  avoided i n  d i f f u s i v e  wave computat ions .  The d i f f u s i v e  wave 
h a s  i t s  own b u i l t - i n  d i f f u s i v e  p r o p e r t i e s  which t e n d  t o  c o u n t e r a c t  t h e  
s t e e p e n i n g  tendency,  t h u s  impeding t h e  development o f  t h e  shock.  There- 
f o r e ,  t h e  k inemat ic  shock i s  t o t a l l y  a b s e n t  i n  computat ions  u s i n g  t h e  
d i f f u s i v e  wave. 

R e l a t i o n  Between Various Approaches t o  Stream Channel Rout ing 

Given t h e  a p p a r e n t l y  widely  d i f f e r i n g  n a t u r e  of t h e  v a r i o u s  
approaches t o  s t ream channel  r o u t i n g  t r e a t e d  h e r e ,  t h e  q u e s t i o n  remains ,  
i s  t h e r e  a n  a l l -encompassing l i n k ?  O r  s t a t e d  i n  o t h e r  terms, i s  t h e r e  a  
u n i f y i n g  t h e o r y  h idden  behind t h e  maze of approaches ,  methods,  and 
t echn iques?  The answer t o  t h e s e  q u e s t i o n s  can be found i n  t h e  work of 
Cunge (1969) who demonstra ted t h e  correspondence between t h e  c l a s s i c a l  
approach ( e . g . ,  Muskingum method) and t h e  s i m p l i f i e d  approach ( e . g . ,  t h e  
c o n v e c t i o n - d i f f u s i o n  method of Hayami). S i n c e  t h e  l a t t e r  cou ld  be 
cons t rued  a s  a  p a r t i c u l a r  c a s e  of t h e  numerical  approach,  t h e  s t a g e  was 
s e t  f o r  a  u n i f i e d  t h e o r y  of f lood  movement. I t  i s  recognized t h a t  a l l  
s t r eam channel  r o u t i n g  methods can be c l a s s i f i e d  as  e i t h e r  k i n e m a t i c ,  
d i f f u s i v e ,  o r  dynamic wave models. The dynamic wave model i s  t h e  most 
g e n e r a l ,  encompassing t h e  o t h e r  two a s  p a r t i c u l a r  s o l u t i o n s .  While 
l o s i n g  somewhat i n  g e n e r a l i t y ,  t h e  d i f f u s i v e  wave model remains wide ly  
a p p l i c a b l e ,  encompassing t h e  kinemat ic  wave a s  a  p a r t i c u l a r  s o l u t i o n .  
The k inemat ic  wave model has  a  l i m i t e d  range of a p p l i c a b i l i t y ,  b e i n g  
r e s t r i c t e d  t o  t h e  c a s e s  of v e r y  s t e e p  bottom s l o p e s  ( e . g . ,  over land  
f low) o r  v e r y  long  d u r a t i o n  ( s l o w - r i s i n g )  hydrographs . 

Muskingum Method 

The c l a s s i c a l  approach t o  s t ream channel  r o u t i n g  i s  based on t h e  
assumption t h a t  t h e  s t o r a g e  V i n  a  g iven  channel  r each  is  a  f u n c t i o n  
of b o t h  in f low I and outf low 0 .  The group of p rocedures  t h a t  
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Figure 5-33. Schematic portrayal of the effect of the quasilinear 
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moves downstream. 



approximate i n  some way t h e  r e l a t i o n s h i p  between s t o r a g e ,  i n f l o w ,  and 
o u t f 3 . o ~  a r e  r e f e r r e d  t o  h e r e  c o l l e c t i v e l y  a s  t h e  c l a s s i c a l  approach,  o r  
a l s o ,  a s  c o e f f i c i e n t  methods of r o u t i n g .  A s  t h e i r  name i n d i c a t e s  t h e s e  
methods i n v o l v e  t h e  use  of c o e f f i c i e n t s  i n  a' c e r t a i n  t y p e  o f  r o u t i n g  
e q u a t i o n .  The c o e f f i c i e n t s  a s  wel.1 a s  t h e  pa ramete rs  from which t h e y  
a r e  d e r i v e d  a r e  p u r e l y  e m p i r i c a l ,  and a r e  determined by c a l i b r a t i o n  
u s i n g  h i s t o r i c a l  f l o o d  r e c o r d s  f o r  t h e  reach  under  s t u d y .  

Perhaps t h e  b e s t  known and most wide ly  used o f  t h e  c o e f f i c i e n t  
methods i s  t h e  Muskingum method, developed by t h e  U.S. Army Corps o f  
Engineers  i n  connec t ion  wi th  f l o o d  c o n t r o l  schemes i n  t h e  Muskingum 
River  Basin ,  Ohio. The o r i g i n a l  Muskingum method was fo rmula ted  a long  
t h e  fo l lowing  l i n e s .  The wate r  c o n t i n u i t y  e q u a t i o n  i s  expressed  i n  i t s  
s p a t i a l l y - i n t e g r a t e d  form, Equat ion 5-132. The e q u a t i o n  of motion i s  
rep laced  by a  l i n e a r  s to rage- in f low-ou t f low r e l a t i o n s h i p  o f  t h e  fol low- 
i n g  form 

i n  which K and X a r e  parameters  t o  be determined by c a l i b r a t i o n  
u s i n g  h i s t o r i c a l  f l o o d  r e c o r d s  on a  g iven  r e a c h .  

Equa t ion  5-132 can be  d i s c r e t i z e d  i n  t ime ( F i g u r e  5-34) t o  y i e l d  

Likewise ,  Equat ion 5-163 can be expressed  a t  t ime l e v e l s  n  and ( n + l )  
a s  

and Vn+l = K I X I n + l  + (l-X)On+ll (5-166) 

r e s p e c t i v e l y .  S u b s t i t u t i n g  Equat ions  5-165 and 5-166 i n t o  Equa t ion  
5-164, t h e  fo l lowing  r o u t i n g  e q u a t i o n  i s  o b t a i n e d  

i n  which t h e  c o e f f i c i e r i t s  C1, C 2  and C3 a r e  d e f i n e d  a s  

Co = A t / K  + 2(1-X) (5-168) 



F i g u r e  5-34. Schematic of t h e  d i s c r e t i z a t i o n  o f  t h e  
Muskingum Method. 

Much h a s  been w r i t t e n  on t h e  Muskingum method, p a r t i c u l a r l y  i n  
r e f e r e n c e  t o  t h e  d e t e r m i n a t i o n  of t h e  pa ramete rs  K and X.  The param- 
e t e r  K has  t h e  u n i t s  o f  t i m e ,  and has  come t o  b e  c l o s e l y  a s s o c i a t e d  
w i t h  t h e  average  t r a v e l  t ime i . e . ,  t h e  t i m e  it t a k e s  t h e  average  f l o o d  
d i s c h a r g e  t o  t r a v e l  t h e  l e n g t h  of t h e  r e a c h .  The paramete r  X i s  a  
we igh t ing  f a c t o r  used f o r  t h e  purpose  of matching t h e  a t t e n u a t i o n  o f  t h e  
c a l c u l a t e d  hydrograph t o  t h a t  of t h e  observed d a t a .  The recommended 
range f o r  X i s  0 F  X F 0 . 5 .  A v a l u e  of X = 0 i m p l i e s  r e s e r v o i r -  
t y p e  b e h a v i o r  i .e .  , s t o r a g e  be ing  o n l y  a  f u n c t i o n  of ou t f low.  A v a l u e  
of X = 0.5 i n d i c a t e s  t h a t  t h e  f l o o d  hydrograph i s  n o t  b e i n g  s u b j e c t  t o  
a t t e n u a t i o n .  Values of X J 0 .5  a r e  a s s o c i a t e d  w i t h  computa t iona l  
i n s t a b i l i t y .  

The p r e d i c t i v e  accuracy  of t h e  Muskingum method h inges  upon t h e  
c o r r e c t  determin 'a t ion of t h e  pa ramete rs  K and X .  These a r e  a  
f u n c t i o n  of t h e  f l o o d  c h a r a c t e r i s t i c s ,  i . e . ,  t h e  hydrograph t r a v e l  t ime  
and a t t e n u a t i o n  r a t e ,  and a r e  u s u a l l y  determined b y ' a  p r o c e s s  of t r i a l  
and e r r o r  c a l i b r a t i o n .  However, s i n c e  t h e  f l o o d  c h a r a c t e r i s t i c s  a r e  
l i k e l y  t o  v a r y  from one f l o o d  t o  a n o t h e r ,  it would be  r a s h  t o  assume 
t h a t  t h e  pa ramete rs  determined from one set o f  f l o o d  r e c o r d s  could  be  
used t o  p r e d i c t  t h e  behav ior  o f  an  a l t o g e t h e r  d i f f e r e n t  f l o o d .  T h i s ,  i n  
e f f e c t ,  l i m i t s  t h e  p r e d i c t i v e  c a p a b i l i t y  of t h e  method t o  f l o o d s  s i m i l a r  
t o  t h a t  used i n  t h e  c a l i b r a t i o n ,  and any a t t e m p t  a t  e x t r a p o l a t i o n  i s  
unwarranted.  

. The u s e  of c o n s t a n t  parameters  i n  t h e  c l a s s i c a l  Muskingum method i s  
tantamount t o  an  assumption of l i n e a r i t y ,  and t h i s  i s  i n  c o n t r a d i c t i o n  
w i t h  t h e  q u a s i l i n e a r  p r o p e r t y  of f l o o d  waves. I n  a d d i t i o n ,  t h e  n e g l e c t  



of the looped discharge-stage relations can be justified only as an 
approximation to the natural phenomena. Nevertheless, the classical 
Muskingum method remains an expedient way of obtaining approximate 
answers for a number of practical problems. A comparatively recent 
improvement, referred to as the Muskingum-Cunge method, considerably 
enhances the predictive capability of the-method, while remaining within 
the same computational framework. The basic concepts underlying the 
Muskingum-Cunge method are given in the following section. 

Muskingum-Cunge Method 

The Muskingum-Cunge method of stream channel routing is a variation 
due to Cunge (1969) of the classical Muskingum method. It is based on 
the realization that a four-point numerical analog of the kinematic wave 
equation and the Muskingum storage relationship lead to the same routing 
equation. In effect, the kinematic wave equation can be written as 
follows 

in which Q is the flood wave discharge to be convected with the 
celerity c. In general, c is a function of Q, however, for com- 
patibility with the use of constant parameters K and X, the assump- 
tion of constant c is made here. 

Equation 5-172 is discretized on the x-t plane as shown in Figure 
5-35 to yield 

in which X and Y = weighting factors, Ax = space interval At = time 
interval, and c has been taken as constant. Setting Y = 0.5, Equa- 
tion 5-173 can be expressed as 

In one time increment, the left-hand side of Equation 5-174 is 1-0, the 
right-hand side is dV/dt if 

v = - ax [XI + (I-X)O] 
C 

(5-175) 



Figure 5-35. Schematic of the discretization of the 
Muskingum-Cunge Method. 

which is recognized as Equation 5-163, provided K = Ax/c. Clearly 
then, the parameter K is the travel time of a representative flood 
discharge ]..em, the time it takes that discharge to travel the reach 
length Ax with the celerity c. 

The parameter X is recognized as a weighting factor. The use of 
weighting factors in discrete solutions is ostensibly for the purpose of 
introducing a certain amount of numerical diffusion i.e., a diffusion 
due solely to the finite size of the grid. Cunge (1969) was able to use 
this property of discrete solutions to obtain an estimate of X based 
on hydraulic quantities. He derived the numerical diffusion coefficient 

pn of the discretized kinematic wave equation as 

By matching this diffusion coefficient with the physical diffusion 
coefficient of the convection-diffusion equation, the following 
expression for X is obtained 

With K = Ax/c and Equation 5-177, the coefficients Co to C 3 
(Equations 5-168 to 5-171) can be calculated as a function of the flood 
wave, channel, and grid characteristics. Furthermore, by defining the 
Courant number C as the following ratio of celerities 



and t h e  c e l l  Reynolds number D a s  t h e  fo l lowing  r a t i o  o f  d i f f u s i v i t i e s  

t h e  c o e f f i c i e n t s  Co t o  C can be expressed  i n  t h e  f o l l o w i n g  reduced 
form 3 

C a l c u l a t i o n  o f  t h e  Parameters  

Equat ions  5-180 t o  5-183 enab le  t h e  c a l c u l a t i o n  o f  t h e  Muskingum 
c o e f f i c i e n t s  i n  terms of measurable p h y s i c a l  q u a n t i t i e s  and t h e  
c h a r a c t e r i s t i c s  o f  t h e  g r i d .  These a r e :  1) t h e  e q u i l i b r i u m  ( o r  
r e f e r e n c e )  un i t -wid th  d i s c h a r g e  

90,  2) t h e  c e l e r i t y  c  correspon.ding t o  
t h i s  d i s c h a r g e ,  3 )  t h e  bottom s l o p e  S f o r  channels  o f  r e g u l a r  c r o s s -  
s e c t i o n  ( o r  a l t e r n a t i v e l y ,  t h e  equilibr"ium energy s l o p e  f o r  channe l s  of 
i r r e g u l a r  c r o s s - s e c t i o n ) ,  4 )  t h e  t ime  i n t e r v a l  At ,  and 5 )  t h e  space  
s t e p  ( o r  reach  l e n g t h )  A x .  

Depending on t h e  modeling needs and r e s o u r c e s ,  t h e  c a l c u l a t i o n  o f  
t h e  pa ramete rs  i n  t h e  Muskingum-Cunge method can proceed i n  one o f  two 
ways, e i t h e r  by u s i n g  c o n s t a n t  p a r a m e t e r s ,  o r  v a r i a b l e  p a r a m e t e r s .  The 
e s s e n t i a l  d i f f e r e n c e  between t h e  two i s  t h a t  t h e  use  o f  c o n s t a n t  param- 
e t e r s  h a s  i m p l i c i t  i n  it t h e  assumption of l i n e a r i t y ,  w h i l e  t h i s  i s  n o t  
t h e  c a s e  i n  computations u s i n g  v a r i a b l e  pa ramete rs .  I n  t h e  c o n s t a n t  
parameter  method, t h e  l i n e a r  behav ior  i s  a s s o c i a t e d  w i t h  a  r e f e r e n c e  
v a l u e  o f  d i s c h a r g e ,  t h e  c a l c u l a t i o n  o f  t h e  pa ramete rs  b e i n g  based on 
t h i s  r e f e r e n c e  v a l u e .  The accuracy  of t h e  computat ions  i s  shown t o  be 
dependent on t h e  cho ice  o f  r e f e r e n c e  d i s c h a r g e .  For  p r a c t i c a l  purposes ,  
a  r e f e r e n c e  d i s c h a r g e  c l o s e  t o  t h e  average  f l o o d  d i s c h a r g e  i s  
recommended. 

I n  t h e  v a r i a b l e  parameter  method, an  a t t e m p t  i s  made t o  account  f o r  
t h e  q u a s i l i n e a r  p r o p e r t y  of f l o o d  waves ( s e e  F i g u r e  5-33). T h i s  
i n v a r i a b l y  r e s u l t s  i n  a n  improved d e f i n i t i o n  of c e r t a i n  f e a t u r e s  o f  t h e  
f l o o d  wave, s p e c i a l l y  i n  r e f e r e n c e  t o  t h e  hydrograph shape and t ime  t o  
peak .  S e v e r a l  approaches t o  t h e  c a l c u l a t i o n  o f  t h e  v a r i a b l e  pa ramete rs  
have been developed e - g . ,  s e e  M i l l e r  and Cunge (1975) ,  P r i c e  (,,978), and 
Ponce and Yevjevich (1978) .  While t h e r e  a r e  minor d i f f e r e n c e s  i n  d e t a i l  
between t h e s e  approaches ,  t h a t  of Ponce and Yevjevich i s  p r e f e r r e d  h e r e  
due t o  i t s  s i m p l i c i t y .  

Fol lowing Ponce and Yevjevich (1978),  t h e  v a l u e  o f  A t  i s  f i x e d  by 
c o n s i d e r a t i o n s  of accuracy ,  t h e  v a l u e  of Ax i s  a l s o  f i x e d  ( r e a c h  



l e n g t h ) ,  and t h e  va lue  of So 
(equi l ibr ium energy s lope)  i s  s p e c i f i e d  

f o r  a  given reach.  The c a l c u l a t i o n  of v a r i a b l e  parameters i s  based on 
t h e  v a r i a t i o n  of t h e  unit-width discharge q and t h e  c e l e r i t y  c . .  
These a r e  def ined a t  g r i d  p o i n t  ( j , n )  a s  

and 

I n  determining C and D ,  t he  va lues  of q  and c  a r e  ca l cu la t ed  
e i t h e r  d i r e c t l y ,  by us ing  a  three-poin t  average of t h e  va lues  of q  and 
c  a t  g r i d  p o i n t s  ( j  , n ) ,  ( j + l , n )  and ( j  , n+ l )  o r  by i t e r a t i o n ,  using a  
four-point  average of t he  va lues  of q  and c  a t  g r i d  p o i n t s  ( j  , n ) ,  
( j + l , n ) ,  ( j  , n+ l )  and ( j + l ,  n + l ) .  To improve convergence i n  t h e  i t e r a -  
t i v e  four -poin t  procedure, t h e  r e s u l t s  of t h e  th ree -po in t  procedure can 
be used a s  t h e  f i r s t  guess of t h e  i t e r a t i o n .  

A p p l i c a b i l i t y  of S impl i f ied  Models 

The choice between t h e  c l a s s i c a l  and s imp l i f i ed  approaches on one 
hand, and the  complete numerical models on the  o t h e r  hand, involves 
cons idera t ion  of accuracy,  ease  of a p p l i c a t i o n ,  f a m i l i a r i t y  wi th  a  
p a r t i c u l a r  method, and o the r  economic f a c t o r s .  The fol lowing advantages 
of t h e  c l a s s i c a l  and s imp l i f i ed  approaches t o  stream channel rou t ing  a r e  
r e a d i l y  recognized. The ease  of formula t ion ,  manifested i n  s h o r t e r  
t r a i n i n g  pe r iods ,  lower program development c o s t s ,  lower run c o s t s ,  and 
smal le r  computer s i z e  needs and a l s o  the  a p p l i c a b i l i t y  f o r  a  wide range 
of p r a c t i c a l  problems, s ince  t h e  i n e r t i a  terms can be shown t o  be neg l i -  
g i b l e  i n  a  l a r g e  number of a p p l i c a t i o n s .  

The major disadvantage i s  t h e  l o s s  of accuracy r e s u l t i n g  from the  
var ious  assumptions t h a t  a r e  made i n  o rde r  t o  s imp l i fy  t h e  problem. For 
i n s t ance ,  upstream wave motions such a s  those  produced i n  t h e  v i c i n i t y  
of t r i b u t a r y  flows or  by dams and o t h e r  c o n t r o l  dev ices ,  cannot be 
accounted f o r  i n  t h e  c l a s s i c a l  and s imp l i f i ed  methods, due p r i m a r i l y  t o  
t h e i r  kinematic formulat ion.  Computational d e t a i l s  a s i d e ,  t h e  s impl i -  
f i e d  methods provide a  reasonably good answer t o  a  wide range of 
problems with a  minimum investment of resources .  I n  a d d i t i o n ,  a s  shown 
by Ponce e t  a l .  (1978), t h e i r  range of a p p l i c a b i l i t y  can be c l e a r l y  
de l inea t ed  i n  terms of r ead i ly  i d e n t i f i a b l e  hydraul ic  q u a n t i t i e s .  

C r i t e r i a  f o r  App l i cab i l i t y  of S impl i f ied  Approach 

According t o  Ponce e t  a l .  (1978), t he  e r r o r  due t o  t h e  use of t h e  
kinematic wave model ( e r r o r  i n  hydrograph peak accumulated a f t e r  an 
elapsed time equal  t o  t he  hydrograph du ra t ion )  i s  w i th in  5%, provided 
t h e  fol lowing i n e q u a l i t y  i s  s a t i f i e d  



i n  which T = hydrograph d u r a t i o n ,  So = e q u i l i b r i u m  energy  s l o p e  ( o r  
bottom s l o p e ,  f o r  channe l s  of r e g u l a r  c r o s s - s e c t i o n ) ,  u  = r e f e r e n c e  
mean v e l o c i t y ,  and d  = r e f e r e n c e  f low dep th .  When app lF ing  Equa t ion  

0 

5-186 t o  check t h e  v a l i d i t y  of t h e  k inemat ic .wave  model, t h e  r e f e r e n c e  
v a l u e s  shou ld  correspond a s  c l o s e l y  a s  p o s s i b l e  t o  t h e  average  f low 
c o n d i t i o n s .  

The e r r o r  due t o  t h e  use  of t h e  d i f f u s i v e  wave model ( e r r o r  i n  
hydrograph peak accumulated a f t e r  an  e l a p s e d  t ime e q u a l  t o  t h e  hydro- 
graph d u r a t i o n )  i s  w i t h i n  5%, provided t h e  f o l l o w i n g  i n e q u a l i t y  i s  
s a t i s f i e d  

For  i n s t a n c e ,  assume S = 0.001, u  = 3 f p s  and do = 10 f t .  
0 0 

The kinemat ic  wave model w i l l  app ly  f o r  hydrographs of d u r a t i o n  l a r g e r  
t h a n  6.59 days .  Likewise ,  t h e  d i f f u s i v e  wave model w i l l  a p p l y  f o r  
hydrographs of d u r a t i o n  l a r g e r  t h a n  0.19 days .  
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APPENDIX 5A 

PROBLEMS 

5A.1 BRIDGE CONSTRICTIONS WITH NO BACKWATE ,R (Neglect ing Energy Losses) 

A stream i s  rec tangular  i n  shape and 100 f t  wide. The desigri 
d i scharge  i s  5000 c f s  and the  uniform depth f o r  t h i s  d i scharge  i s  10 f t .  
Neglecting energy l o s s e s  what i s  t he  maximum amount of c o n s t r i c t i o n  t h a t  
can be imposed without  causing backwater a t  t he  des ign .d ischarge?  

The upstream flow r a t e  per  u n i t  width i s  

t h e  average v e l o c i t y  i s  

and t h e  s p e c i f i c  head i s  (from Equation 5-75) 

According t o  t h e  s e c t i o n  on t h e  d ischarge  diagram, t h e  maximum u n i t  . discharge  t h a t  can occur with t h i s  s p e c i f i c  head i s  (from Equation 5-88) 

Therefore ,  t h e  width of channel which w i l l  accommodate t h i s  u n i t  
d i scharge  is  

w = -  Q = - -  5000 - 48.3 f t .  
%ax 

103.4 

and t h e  amount of t h e  c o n s t r i c t i o n  i s  100 - 48.3 = 51.7 f t .  

Note, a s  discussed previous ly ,  t h i s  con t r ac t ion  could cause an 
undulat ing hydraul ic  jun~p downstream. When energy l o s s e s  a r e  considered 
t h e r e  w i l l  be some backwater a t  t h i s  c o n s t r i c t i o n .  This  backwater i s  
evaluated by convent ional  methods such a s  those  given i n  "Hydraulics of 
Bridge Waterways" (Federal  Highway Administrat ion,  1970). 

5A.2 BACKWATER FROM A DOWNSTREAM DIVERSION DAM 
4 

A small  d ive r s ion  dam i s  t o  be placed ac ros s  a  stream downstream 
of a  highway br idge .  The purpose of t h e  dam i s  t o  head up water f o r  
d ive r s ion  i n t o  a  cana l .  A t  t he  b r idge ,  t h e  design f lood d ischarge  was 



5000 c f s .  The r i v e r  i s  100 f t  wide and has  a  uniform f low dep th  of 
10 f t  f o r  t h e  des ign  d i s c h a r g e .  What i s  t h e  maximunl h e i g h t  o f  t h e  dam 
t h a t  w i l l  n o t  cause  backwater a t  t h e  b r i d g e ?  

The u n i t  d i s c h a r g e  i n  t h e  r i v e r  a t  d e s i g n  f l o o d  d i s c h a r g e  i s  

t h e  v e l o c i t y  i s  

" = 9 = 5 0  
10 

= 5 .00  f p s  
Yo 

and t h e  s p e c i f i c  head i s  (from Equat ion 5-75) 

A s  a  f i r s t  approximation assume no energy l o s s  i n  t h e  r e a c h .  Then 
a t  t h e  dam, t h e  e l e v a t i o n  of t h e  t o t a l  energy l i n e  i s  10.39 f t  above t h e  
bed ( s e e  F i g u r e  5A-1). A t  t h e  dam 

Hmin + AZ = 10 .39  f t  max 

t h a t  i s ,  t h e  dam can be  b u i l t  t o  a  h e i g h t  of AZmax which d e c r e a s e s  t h e  

s p e c i f i c  head a t  t h e  dam t o  Hmin. From Equa t ion  5-83 

F i g u r e  5A-1. Backwater curve upstream of the dam 

and from Equat ion 5-79 



H = " 4 . 2 7 )  = 6.40 f t  
min 2 

Thus 
AZm = 10.39 - 6 .40  = 4.0  f t  

I f  t h e  dam i s  b u i l t  t o  a  c r e s t  e l e v a t i o n  4 . 0  f t  above t h e  bed ,  
c r i t i c a l  f low w i l l  occur  a t  t h e  dam f o r  a  f low of 5000 c f s  and t h e  dam 
w i l l  cause  no backwater .  

How much backwater w i l l  t h e  dam cause  f o r  a  f low of 1000 c f s  i f  t h e  
normal d e p t h  f o r  t h i s  d i s c h a r g e  i s  5 f t  and t h e  dam h e i g h t  i s  4 .0  f t ?  

Upstream of t h e  dam 

and 

A t  t h e  dam t h e  flow i s  c r i t i c a l  s o  from Equa t ion  5-79 
r, 

and from Equa t ion  5-83 

- 3 
Hmin - Z 'c 

The s p e c i f i c  head upstream of t h e  dam i s  t h e n  (assuming no energy  l o s s )  

H = H  + A Z  
min 

Also,  t h e  s p e c i f i c  head upstream of t h e  dam i s  (from Equa t ion  5-76 )  

Theref  o r e  



The s o l u t i o n  i s  

A s  t h e  normal d e p t h  i s  o n l y  5 f t ,  t h e  backwater i s  

That  i s ,  t h e  dep th  upstream of t h e  dam i s  i n c r e a s e d  1 .14  f t  by t h e  
4 . 0 - f t  h igh  dam when t h e  flow i s  1000 c f s .  

5A.3 STANDARD STEP METHOD FOR BACKWATER COhPUTATIONS 

Consider  a n  a b r u p t  change of s l o p e  i n  a l i n e d  r e c t a n g u l a r  channe l  
100 f t  i n  width .  The d i s c h a r g e  i s  5000 c f s .  Upstream o f  t h e  s l o p e  
change,  t h e  f low i s  a t  t h e  normal dep th  of 10 f t .  The normal d e p t h  i n  
t h e  downstream reach  i s  3 f t .  Manning's n f o r  b o t h  reaches  i s  0.012. 

I n  b o t h  t h e  upstream and downstream r e a c h e s ,  t h e  f low p e r  u n i t  
width  i s  

and t h e  c r i t i c a l  dep th  i s  (from Equa t ion  5-79) 

Upstream where t h e  flow i s  a t  normal d e p t h ,  y = > yc s o  t h e  f low 
i s  t r a n q u i l  h e r e .  

Yo 

The bed s l o p e  i s  ob ta ined  from Manning's e q u a t i o n  f o r  normal f low 
(from Equat ion 5-61) 

0 
Here 



Downstream where t h e  flow has  a t t a i n e d  i t s  normal d e p t h ,  y = 
so  i n  t h e  downstream reach  flow i s  s u p e r c r i t i c a l .  

Y 3 C  

The bed s l o p e  i n  t h e  downstream r e a c h  i s  o b t a i n e d  a s  f o l l o w s  

V = = 50 = 16.67 f p s  
O Yo 3 

A t  t h e  change i n  s l o p e  t h e  f low must p a s s  th rough  t h e  c r i t i c a l  
d e p t h .  Then, i n  t h e  reach  immediately upstream yo > y > yc s o  t h e  

backwater curve  i n  t h i s  r each  i s  an P12 t y p e  (Table  5-2).  

Downstream, Yo < y < yc SO t h e  backwater curve  i n  t h i s  r e a c h  i s  a 

S2 t y p e  (Table 5 -2 ) .  

The two backwater curves  a r e  ske tched  i n  F i g u r e  5A-2 

F i g u r e  5A-2. Ske tch  of backwater c u r v e s .  

For  t h e  upst ream reach ,  f low i s  s u b c r i - t i c a l  s o  t h e  s t a n d a r d  s t e p  
method computat ions  s t a r t  a t  t h e  change i n  s l o p e  and proceed upst ream.  

A t  t h e  change i n  s l o p e  



v = S =  - 50 = 11.71 fps  
y 4.27 

L e t ' s  compute the  d i s t a n c e  upstream t o  where the  flow i s  4 .50 f t  deep. 
The flow condi t ions  a t  t h i s  s ec t ion  a r e  computed with t h e  same equat ions 
employed a t  t h e  change i n  s lope  s e c t i o n  i . e . ,  

y = .4.50 f t  

A = 4.50 (100) = 450 s q  f t  

50 V = - = 11.11 fps  4.50 

Now between these  two sec t ions  where y = 4.27 f t  and y = 4.50 f t  t h e  
average f r i c t i o n  s lope  i s  

- - 0.001438 + 0.001214 - o.oo1326 
Sf 2 

- 
ave 

The d i s t ance  between the  two sec t ions  i s  (from Equation 5-117) 

H2 - H1 
So - '  Sf 

ave 



That i s ,  t h e  s e c t i o n  where t h e  depth i s  4.50 f t  i s  16.2 f t  upstream of 
t h e  s e c t i o n  where t h e  s lope  changes. 

In  a  s i m i l a r  manner, t h e  d i s t a n c e  between t h e  s e c t i o n s  where t h e  
depths a r e  4.50 f t  and 5.00 f t  ( a r b i t r a r y  choice)  i s  computed. The 
r e s u l t s  a r e  l i s t e d  i n  Table 5A-1. I t  i s  found t h a t  t h e  flow i s  normal 
a  d i s t a n c e  approximately 44,000 f t  above the  change i n  s lope .  

The backwater c a l c u l a t i o n s  f o r  t h e  downstream reach a r e  a l s o  
presented i n  Table 5A-1. Here t h e  computations s t a r t  a t  t h e  change 
i n  s e c t i o n  and proceed downstream because t h e  flow i s  s u p e r c r i t i c a l .  
The computations show t h a t  t h e  normal depth i s  reached approximately 
1600 f t  below t h e  change i n  s lope ,  

5A.4 ENERGY AND MOMENTUM COEFFICIENTS FOR RIVERS 

I n  open channel flow problems it i s  common t o  assume t h a t  t h e  
energy c o e f f i c i e n t  a and t h e  momentum c o e f f i c i e n t  $ a r e  u n i t y .  What 
a r e  va lues  of a and $ f o r  r i v e r  channels? 

From Equations 5-33 and 5-12 

and 

I n  many wide channels ,  t he  d i s t r i b u t i o n  of v e l o c i t i e s  i n  t h e  v e r t i c a l  is  
given by Equation 5-56 which i s  

f o r  f u l l y  t u r b u l e n t  (x = 1 . 0 ) .  The average v e l o c i t y  i n  t h e  v e r t i c a l  i s  

Yo 
v = - I V ~ Y  (5A-4) 

yo 0  

and by employing Equation 5A-3 

Here, the  upper l i m i t  of i n t e g r a t i o n  i s  
Yo, t h e  depth of flow and t h e  

lower l i m i t  i s  



Table 5A-1. Computation of t h e  backwater curve .  

Y A V v2/29 H P R f Sf AL L H2f; H1 f t sq f t  f p s  f t f t  f t  f t n ave f t  f t 

A t  t he  change i n  s lope  

4.27 427 11 .71  

S backwater curve 
2 

M backwater curve 
2 

AL = H2-H1 
S -Sf L=m 

0 ave 



t he  va lue  of y  f o r  which Equation 5A-3 gives a  zero  v e l o c i t y .  The 
i n t e g r a t i o n  of Equation 5A-5 y i e l d s  

For a v e r t i c a l  s e c t i o n  of u n i t  width,  t he  momentum c o e f f i c i e n t  i s  

I f  we s u b s t i t u t e  Equations 5A-3 and 5A-7 i n t o  Equation 5A-8 and 
i n t e g r a t e  t h e  r e s u l t  i s  t h e  expression 

S imi l a r ly ,  t h e  energy c o e f f i c i e n t  f o r  a  v e r t i c a l  s e c t i o n  u n i t  width i s  

1 
yo 

a t  = I v3 dy (5A- 10) 

v3(yo-6) 6 

a' = 1 yo Yo 2 yo 2 - ( ( l n  g)  - 3 ( l n  -) 
Yo 2 6 

( I n  11.11 r;) 
S 

These equat ions (Equations 5A-9 and 5A-10) a r e  r a t h e r  complex, so a  
graph of a'  and $' vs yolks has been prepared.  The r e l a t i o n s  a r e  
shown i n  Figure 5A-3. 

For t h e  e n t i r e  r i v e r  c ros s  s e c t i o n  (shown i n  F igure  5A-4) Equation 
5-33 can be w r i t t e n  

where W i s  t h e  top  width of t h e  s e c t i o n ,  z  i s  t h e  l a t e r a l  l o c a t i o n  of 
any v e r t i c a l  s e c t i o n ,  

Yo i s  t h e  depth of flow a t  l o c a t i o n  z ,  and v  
i s  t h e  l o c a l  v e l o c i t y  a t  t h e  p o s i t i o n  y , z .  The t o t a l  d i scharge  i s  Q 
and t h e  t o t a l  c ros s - sec t iona l  a r ea  i s  A .  . 



Figure 5A-3 .  Energy and momentum c o e f f i c i e n t s  f o r  a u n i t  width 
of r i v e r .  

Figure 5A-4.  The r i v e r  c ross  sec t ion .  



I n  Equation 5A-12 the  po r t ion  

i s  recognized a s  t he  i n t e g r a l  po r t ion  of Equation 5A-10 

0 6 
and 

yo 3 
J v3 dy = o'V (yo-6) 
6 

That i s  

(5A- 13) 

Here a '  i s  t h e  energy c o e f f i c i e n t  f o r  t h e  v e r t i c a l  s e c t i o n  dz. wide 
and Yo deep, V i s  t h e  depth-averaged v e l o c i t y  i n  t h i s  v e r t i c a l  
s e c t i o n  and 6 = ks/30.2 (from Equation 5A-6). 

Now, Equation 5A-12 can be w r i t t e n  

3 a = - s a'V (yo-6)dz (5A- 14) 
g3 0 

Except f o r  cases  of low flow i n  grave l  bed r i v e r s ,  t h e  term 6 i s  very  
small  compared t o  yo s o  

The d ischarge  a t  a  r i v e r  c ros s  s e c t i o n  i s  determined i n  t h e  f i e l d  
by measuring t h e  l o c a l  depth and two l o c a l  v e l o c i t i e s  a t  each of 
approximately 20 v e r t i c a l  s e c t i o n s .  I n  accordance with t h i s  genera l  
stream gaging procedure,  Equation 5A-15 should be w r i t t e n  

Here, t h e  s u b s c r i p t  i r e f e r s  t o  t he  i - t h  v e r t i c a l  s e c t i o n ,  and AQi 
i s  t h e  r i v e r  d i scharge  a s soc i a t ed  wi th  t h e  i - t h  v e r t i c a l  o r  

I n  a  s i m i l a r  manner, t h e  expression f o r  f3 i s  

Now, wi th  Equations 5A-16 and 5A-17 and Figure  5A-3 we a r e  i n  a  
p o s i t i o n  t o  compute a and (3 f o r  any r i v e r  c ros s  s e c t i o n  given t h e  
d ischarge  measurement notes .  An example i s  given below. 



The information i n  Table 5A-2 i s  taken from t h e  d ischarge  
measurement notes  f o r  Measurement No. 16 on t h e  Rio Tigre  a t  Las 
P i e d r i t a s  i n  Venezuela. 

The d ischarge  measurement was made on August 18, 1969 during t h e  
peak f lood  event  f o r  t h e  yea r .  From Table 5A-2, t h e  following va lues  
a r e  obtained:  

Q = 5370 c f s  

The bed ma te r i a l  a t  t h i s  gaging s t a t i o n  (Simons e t  a l . ,  1971a) has a  
DS0 of 0.33 mm and a  D67 of 0.45 mm and a  grada t ion  c o e f f i c i e n t  G 

of 3.27. I f  t h e  value of D67 i s  used f o r  ks, then f o r  yo = 12.8 f t  
( the  maximum depth)  

and f o r  y  = 1.1 f t  ( t h e  sma l l e s t  non-zero depth) 
0 

I f  we use a  mean yo/ks of approximately 5000, then  from Figure  

5 A - 3 ,  t h e  average values f o r  the  energy and momentum c o e f f i c i e n t s  a r e  

a' = 1.024 
and 

$ '  = 1.008 

As it has been assumed t h a t  a '  and ' a r e  cons tan t  ac ros s  t h e  
r i v e r  ( f o r  convenience),  Equations 5 A - 1 6  and 5 A - 1 7  become 

and 
p = . p '  - A I ViAQi 

Q2 i 

With t h e  va lues  computed i n  Table 5A-2 



Table 5A-2. Discharge measurement notes. 
1 

L 

Yo i Az "i A Q ~  V ~ A Q ~  vi A Q ~  

ft sq ft cfs 
5 3 

ft fps ft /sec ft /sec 

3.8 5.5 
0.0 2.5 

Total 163.0 

lsimons et al. , l97lb. 



These v a l u e s  f o r  O! (1 .247)  and f3 (1.094) d i f f e r  from u n i t y  by 
a p p r e c i a b l e  amounts. The d i f f e r e n c e  may be impor tan t  i n  many r i v e r  
channel  c a l c u l a t i o n s .  I f  no d a t a  a r e  a v a i l a b l e ,  t h e  assumptions  t h a t  
a = 1.25 and $ = 1 . 1  should be used f o r  r i v e r  channe l s .  

5 A . 5  AVERAGE PRESSURE AND ELEVATION AT A RIVER CROSS S E C T I O N  

I n  
energy 

and t h e  

The sum 

I n s t e a d  

where 

t h e  absence o f  h e a t  t r a n s f e r ,  and s h a f t  and s h e a r  work, t h e  
convected th rough  a  c r o s s  s e c t i o n  o f  r i v e r  w i t h  a r e a  . A  i s  

p r e s s u r e  work done on t h i s  c r o s s  s e c t i o n  i s  

of t h e  p r e s s u r e  work and t h e  convected energy i s  

o f  u s i n g  t h e  d e f i n i t i o n  Equat ion 5-32,  we could  w r i t e  

a i s  t h e  k i n e t i c  energy c o r r e c t i o n  f a c t o r  d e f i n e d  by Equa t ion  
5-33 and Q i s  a  c o r r e c t i o n  f a c t o r  t o  be  a p p l i e d  t o  t h e  p i e z o m e t r i c  
head.  The terms z  and yo a r e  t h e  e l e v a t i o n  of t h e  bed above datum 
and t h e  dep th  of fyow r e s p e c t i v e l y .  According t o  Equa t ions  5-33 and 
5A-20 t h e  e x p r e s s i o n  f o r  Q must be  

I n  s t r a i g h t  r eaches  of r i v e r ,  t h e  p i e z o m e t r i c  head does  n o t  v a r y  
a p p r e c i a b l y  from p o i n t  t o  p o i n t  i n  a  c r o s s  s e c t i o n .  Then t h e  
p iezomet r ic  head a t  any p o i n t  on t h e  c r o s s  s e c t i o n  can b e  used a s  t h e  
r e f e r e n c e  p i e z o m e t r i c  head.  For  example, a t  t h e  wa te r  s u r f a c e  

Using t h i s  e q u a t i o n  i n  Equat ion 5A-21, we o b t a i n  



I f  t h e  water su r f ace  a t  t he  c ross  s e c t i o n  i s  no t  h o r i z o n t a l  ( a s  i n  a  
bend) ,  then  t h e  piezometr ic  head should be referenced t o  the  p o i n t  on 
t h e  water su r f ace  which i s  a t  t h e  average e l e v a t i o n  of t h e  water 
su r f ace .  Then R = 1 f o r  t h i s  case a l s o .  

I n  gene ra l ,  t h e  assumption t h a t  

i s  s a t i s f a c t o r y  f o r  r i v e r s .  Therefore,  Equation 5-38 can be w r i t t e n  

f o r  a  reach of r i v e r .  Here yl + z i s  t h e  water su r f ace  l e v e l  a t  
s e c t i o n  1 and 1 

y2 
+ z i s  t h e  water su r f ace  e l e v a t i o n  a t  s e c t i o n  2 .  2 



APPENDIX A-REFERENCES 

Simons, D. B., Richardson, E. V., Stevens, M. A., Duke, J. H., and Duke, 
V. C., August 1971b, Streamflow, Groundwater and Ground Response 
Data, Hydrology Report, Vol. 11, Venezuelan International Meteoro- 
logical and Hydrology Experiment, Civil Engineering Dept., Colorado 
State University, Fort Collins, Colorado. 

Simons, D. B:, Richardson, E. V., Stevens, M. A . ,  Duke, N. H., and Duke, 
V. C., October 1971a, Geometric and Hydraulic Properties of the 
Rivers, Hydrology Report, Vol. 111, VIMHE, Civil Engineering Dept., 
Colorado State Univeristy, Fort Collins, Colorado. 



Chapter 6 

RESISTANCE TO FLOW 

6 .1  INTRODUCTION 

Bed conf igura t ion  and r e s i s t a n c e  t o  flow i n  a l l u v i a l  r i v e r s  a r e  
func t ions  of flow and channel condi t ions .  The water su r f ace  l e v e l  can 
inc rease  o r  decrease i n  response t o  changes i n  e i t h e r  bed conf igu ra t ion  
o r  channel r e s i s t a n c e .  The f a c t o r s  governing t h e s e  a c t i o n s  and 
responses i n  a l l u v i a l  channels a r e  numerous and complex and many i n t e r -  
ac t ions  of t h e  v a r i a b l e s  involved a r e  not  we l l  understood. This  chapter  
p re sen t s  t he  cu r r en t  s t a t e - o f - t h e - a r t  on t h e  fundamentals of r e s i s t a n c e  
t o  f low,  i n  p a r t i c u l a r  it inc ludes  r e s i s t a n c e  t o  flow i n  sand,  g rave l ,  
and cobble bed s t reams,  and vegetated channels.  

6 . 2  BASIC CONCEPTS FOR DESCRIBING RESISTANCE TO FLOW 

There a r e  many v a r i a b l e s  involved i n  t he  de te rmina t ion  of 
r e s i s t a n c e  t o  flow. A genera l  flow formula cons ider ing  the  major 
v a r i a b l e s  i s  

where 

u = 
d = 
S = 
P = 
b ' =  
g = 
D = 
(J = 

v e l o c i t y  
depth 
s lope  of t h e  energy grade l i n e  
dens i ty  of water 
apparent  dynamic v i s c o s i t y  of water 
g r a v i t a t i o n a l  a c c e l e r a t i o n  
r ep re sen ta t ive  diameter of bed ma te r i a l  
s tandard  dev ia t ion  of t h e  s i z e  d i s t r i b u t i o n  of bed m a t e r i a l  

p = d e n s i t y  of sediment 
S 

' S  = shape f a c t o r  of t h e  p a r t i c l e s  
P  

S  = shape f a c t o r  of t h e  channel reach R 
S  = shape f a c t o r  of the channel c ros s  s e c t i o n  

C 

f  = seepage f o r c e  i n  t h e  bed of t he  channel 
S 

The e f f e c t s  of some of t hese  f a c t o r s  on r e s i s t a n c e  t o  flow a r e  
known b u t  it is  d i f f i c u l t  t o  consider  them because of t h e i r  complexity; 
the  inf luence  of o t h e r s ,  however, i s  no t  known. With t h i s  i n  mind, 
Equation 6-1 can be transformed i n t o  

where 

U - -  U - a  measure of t he  r e s i s t a n c e  = - u, ms 



UR R = Reynolds number = - e v 

D - = r e l a t i v e  roughness 
d  

R  = Reynolds number o f  t h e  p a r t i c l e  
W wD ( r e l a t e d  t o  f a l l  v e l o c i t y )  = - 

v 

L - = Froude number r e l a t e d  t o  t h e  p a r t i c l e  'sp 

With a  r i g i d  boundary y '  r e p r e s e n t i n g  t h e  
S boundary p a r t i c l e  and w ,  f a l l  v e l o c i t y ,  assumed t o  

t 1 t h e n  7 and g a r e  b o t h  z e r o ,  and Equa t ion  
ysD W 

U 
where F = --- i s  t h e  Froude number of t h e  f low.  

11 JgR 

s p e c i f i c  weight  of a  
be e q u a l  t o  i n f i n i t y ,  

6-2 reduces  t o  

U 
v a l u e  of - from Equat ion 6-3 and r e a r r a n g i n g  y i e l d s  u9; 

(6-4) 

S u b s t i t u t i n g  t h e  

Many formulas  a r e  of t h i s  form. 

S u r f a c e  Drag and Form Drag 

* C l e a r l y  i n  t h e  c a s e  of a wide channel  w i t h  a  p l a n e  bed s u b j e c t e d  
t o  t u r b u l e n t  f low,  t h e  ' r e s i s t a n c e  t o  f low reduces  t o  a  f u n c t i o n  of 
D a ; o r  t o  s k i n  f r i c t i o n ,  o r  s u r f a c e  d r a g .  When bed forms occur  a  form 

drag  must be  added t o  t h e  s u r f a c e  d r a g .  Many s t u d i e s  and a n a l y s e s  have 
considered v a r i o u s .  ways of e x p r e s s i n g  form and s u r f a c e  d r a g .  Two 
g e n e r a l  approaches can be  used.  

Approach 1. A c e r t a i n  f r a c t i o n  of t h e  energy  i s  consumed - 
overcoming t h e  r e s i s t a n c e  due t o  s u r f a c e  d r a g  and t h e  remainder  i s  used 
t o  overcome t h e  form-drag.  Th is  i d e a  was g e n e r a l l y  developed i n  Europe 



by Meyer-Peter and Muller (1948). I f  S f  corresponds t o  t he  f r a c t i o n  
of t h e  energy s lope  required t o  overcome s u r f a c e  drag and St '  t h e  
f r a c t i o n  requi red  t o  o f f s e t  form drag  it i s  poss ib l e  t o  w r i t e  

Approach 2 .  Considering a  prism of flow over t h e  bed of a  wide 
r i v e r  (Figure 6 - l a )  i t  i s  poss ib l e  t o  de f ine  t h e  hydraul ic  r ad ius  a s  

I f  t h e  numerator and t h e  denominator of t h i s  r a t i o  a r e  mu l t ip l i ed  by p 
i n  such a  way t h a t  bp = A. = 1 and bhp = Vo 

where b x p = A i s  t h e  u n i t  area and Vo i s  t h e  volume superposed on 
0 t h i s  u n i t  a r e a ,  then  t h e  hydraul ic  rad ius  represents  t h e  volume of a  

r ec t angu la r  prism with a he ight  equal  t o  t h e  depth of water .  This  
concept of R was f i r s t  given by E i n s t e i n .  "h" i s  defined a s  t h a t  p a r t  
of t h i s  volume requi red  t o  damp t h e  turbulence generated by t h e  bound- 
a r y .  I f  V '  corresponds t o  t h e  necessary volume f o r  damping t h e  
turbulence  r e l a t e d  t o  su r f ace  f r i c t i o n  it i s  p o s s i b l e  t o  d e f i n e  t h e  
volume V t f  r equi red  t o  damp the  turbulence a t t r i b u t e d  t o  bed forms so 
t h a t  

o r  from Figure  6- lb :  

I t  may be d i f f i c u l t  t o  v i s u a l i z e  t h e  damping of t h e  turbulence  i n  
t h e  way defined b u t  it i s  a  f a c t  t h a t  R . i nc reases  f o r  i nc reas ing  
va lues  of boundary r e s i s t a n c e .  The inc rease  of t h e  energy s lope  
corresponding t o  an increase  i n  t h e  roughness i s  perhaps more d i f f i c u l t  
t o  understand.  S p e c i f i c a l l y ,  t h e  energy s lope  i s  a  func t ion  of 
d i f f e r e n t  f a c t o r s  and it can be kept  cons tan t  by changing t h e  hydraul ic  
r ad ius .  For t h i s  reason Equation 6-8 i s  considered b a s i c  t o  f u t u r e  
developments. 

From Equation 6-8 t h e  r e l a t i o n s  

and 

4 

a r e  formulated. Shear s t r e s s  t k  r ep re sen t s  t h e  f r a c t i o n  of t h e  t o t a l  
shear  taken by t h e  s k i n  f r a c t i o n  o r  su r f ace  drag  and t h e  remaining p a r t  
of r e s i s t a n c e  T r ep re sen t s  t h e  f r a c t i o n  of t h e  t o t a l  shea r  taken by 
t h e  bed forms, it i s  f r equen t ly  r e f e r r ed  t o  a s  t h e  form drag.  



Figure  6-1. V i s u a l i z a t i o n  of h y d r a u l i c  r a d i u s  

A d d i t i o n a l  r e s i s t a n c e  t o  f low caused by l o c a l  a c c e l e r a t i o n s  o r  
u n s t e a d i n e s s  may be inc luded  i n  t h e  r e s i s t a n c e  e q u a t i o n  

To e l i m i n a t e  t h e  e f f e c t s  of l o c a l  nonuni fo rmi ty ,  b o t h  r ;  and rg can 
be e v a l u a t e d  based on t h e  averaged c h a r a c t e r i s t i c s  of a  channel  r each .  
Equa t ion  6-11 ho lds  a s  long a s  t h e  two components do n o t  exeYt a  mutual 
i n f l u e n c e  on one a n o t h e r .  

Turbulence t h e o r y  g i v e s  

The term U i s  t h e  f r i c t i o n  v e l o c i t y  and 

Though t h e  dimension of U i s  t h a t  o f  a  v e l o c i t y ,  t h e  p h y s i c a l  
e x p r e s s i o n  o f  it i s  d i f f e r e n t  from v e l o c i t y .  I t  r e p r e s e n t s  a  
v a r i a t i o n  of t h e  f l u c t u a t i o n  of t u r b u l e n c e  around a  p o i n t  n e a r  
t h e  boundary of a  channe l .  

From Equat ion 6-12 



For a channel with a flat bed, R = R' because R" = 0 and 

Common Parameters for Describing Resistance to Flow 

Three most common parameters for describing the resistance to 
steady uniform flow are 

(1) the Darcy-Weisbach friction factor, f, 
(2) the Chezy resistance factor, C, 
(3) the Manning roughness coefficient, n. 

The Darcy-Weisbach formula, developed primarily for flows in pipes 
states that 

where hf is the friction loss associated with flow in pipes, f is 

the friction factor, L is the length of the pipe, D is the diameter 
of the pipe, U is the mean velocity of flow therein, and g is the 
acceleration of gravity. 

- f Since D = 4R and the energy gradient SE - c, Equation 6-19 may 
be written in terms of friction factor as 

W S E  
f = -  (6-20) 

u2 
2 

where R is the hydraulic radius. Noting that U;v = gRSE, Equation 6-20 
yields 

Equation 6-21 can be applied to flow in open channels and sometimes it 
is presented as 

The Ch&y formula is expressed as 

where C is a resistance factor. The energy slope SE can be computed 
from 



where 

S = slope of the water surface 
W 

U = mean velocity 
d = depth of flow associated with SE and 
Sb = slope of the channel bottom 

The use of SE is recommended because it reflects more accurately the 

state of flow at a particular location. 

The Ch&y resistance factor as expressed by Equation 6-24 is not 
dimensionless 

Hence, it is common to assume 

and write 

in this relation C' is dimensionless 

Substituting the value of U from Equation 6-24 in Equation 6-21 
yields 

C The parameter (-1 is, in general, used to describe the resistance to 
& 

flow in open channels. 

Manning's formula is expressed in metric units as 

or in the English system as 



It can also be expressed as 

1.486 R1/6 c = -  
n 

(6-32a) 

in the metric system. A similar expression can be obtained between C 
and f. Utilizing Equation 6-28 

Taylor and Brooks (1962) suggested the Darcy-Weisbach friction factor f 
be divided into two parts, that due to the grain roughness 

and that due to form roughness 

In this case, the total friction factor 

Using the same reasoning Bajorunas (1952) assumed that the Manning 
roughness coefficient n is composed of two parts 

where n' is due to the grain roughness and nu is due to form 
roughness. From Equations 6-30 and 6-1.1 and noting that 1: = yS(R1+R"), 
the relation 

is obtained. 



Engineers have varying preferences for resistance parameters. 
The parameter f is used for both open channel and pressure flow. 
Consequently, the Task Committee (1963) recommended its use. 

Use of Manning's n gives good results for fully rough and smooth 
conditions in rigid boundary channels but is less satisfactory in the 
transition range and for alluvial boundary flow, and its value is highly 
dependent on form of bed roughness. Disregarding.these limitations, 
the Manning n is probably the most commonly used open channel flow 
resistance factor. 

Other Resistance to Flow Relations 

Many resistance formulas have been proposed to determine the 
characteristics of flow; these are summarized in Table 6-1. However, 
the Chky and Manning relations are the most commonly used. 

Table 6-1. Other equations for resistance coefficients. 

Author Definition 

N. N. Pavlovsky (1925) C is the Ch&y coefficient 
n is the Manning coefficient 

Rx c = -  R is the hydraulic radius in meters 
n 

G. H. Keulegan (1938) 

A. E. Bretting (1948) 

l/f1/2 = 2 log (kS/14. 83R) 

J. H. Thijsse (1949)- 

~/f'/~ = 2.03 
[log (12.2R/0.2826 + ks)] 

Powell (1950) 
C = 42 log R/e 
(rough channel) 

A. D. Alfshul (1952) 

11f'/~ = 1 . i  log 
[Re/Re (A/d) + 7 1 

4 

C is the ch6zy coefficient 
f is the Darcy-Weisbach coefficient 

f )is the Darcy-Weisbach coefficient 

k is the equivalent sand grain 
s diameter 

R is the hydraulic radius 

f is the Darcy-Weisbach coefficient 

R 1s the hydraulic radius 
6 is the thickness of the laminar 

sublayer 
k is a measure of the roughness 
S 

C is the Ch6zy coefficient 
e is a measure of channel roughness 
R is the hydraulic radius 

f is the Darcy-Weisbach coefficient 

Re is the Reynolds number 
A is a linear measure of roughness 

height 
d is depth of flow 



Table 6-1. (Continued) 

Author Definition 

P. Ackers (1958) C is the ~h6zy coefficient 

C = (32g)1/210g(14.8~/k s ) k s is a measure of the amplitude of 
the roughness 

W. W. Sayre and C is the ~h&y coefficient 
M. L. Albertson (1961) dn is normal depth 

dn 
x is a general roughness parameter 

~ 1 ~ " ~  = 6.06 log (x + 2.6) 

H. J. Koloseus and Davidian (1961) f is the Darcy-Weisbach coefficient 

l/f1/2 = 2 log R is the hydraulic radius 
[(0.56 A O * ~ R ) / ~ ~ ]  A is a measure of the concentration 

of roughness elements 
k is a measure of the amplitude of 
S 
the roughness elements 

Gunther Garbrecht (1961) lists and evaluates 22 Ch6zy coefficient 
formulas that have been used in Europe. The ones that have not 
been cited follow. 

A. Salient formulas from turbulence theory 

von ~grmgn-Prandtl 

V. Mises 

Bazin R1I2 1/2 C = 8 7 -  
m 

+ R 

Agroskin 1 C = - + 17.72 log R 
n 

R A Mos tkow C = 22 log - + 9.5 - + 1.5 A R 

Kutter 

B. Empirical formulas 

Eytelwein 
4 

Hessle 

C = 50.9 

c = 43.7 R1l6 (for large canals) 

C = 25 + 12.5 R 112 



Table 6-1. (Continued) 

Author 
- - 

Definition 

La hrneye r 

Saint-Venant 

Hwnphreys and Abbot 

Beyerhans 

Hermanek (U = C(DR) 1/2) 

Rinsum [U = C(DS) 1/2] 

Eisner 

6.3 RESISTANCE TO FLOW IN OPEN CHANNELS WITH FLAT BED AND RIGID 
BOUNDARY 

The simplest way to solve the resistance problem .is by assuming 
the form drag and the wall effect are equal to zero. This is analogous 
to assuming a very wide bed with a rigid, plane bottom. Many formulas 
have been developed for this case. The effect of form drag may also be 
added to these approximations. Some of these approaches are sumnlarized. 

The Semi-lomrithmic Resistance Relations 

The semi-logarithmic functions of resistance to flow according to 
Prandtl's (1926) mixing length theory are 

u = (8.5 + 5.75 log 9) U, (6-39) 
S 

and 
yu,. u = (5.5 + 5 .75  log -y+ U, 

Equation 6-39 expresses the resistance to flow of a pipe with rough 
walls in the turbulent regime. The term k is the equivalent sand 
roughness defined by Schlichting (1955) and yS is the distance from the 
wall where velocity U is measured. Equation 6-40 expresses the resis- 
tance to flow of a pipe with a smooth boundary and turbulent flow. 



Equations 6-39 and 6-40 can be i n t e g r a t e d  f o r  d i f f e r e n t  c ross  
s e c t i o n a l  shapes.  The r e s u l t i n g  mean v e l o c i t y  r e l a t i o n s  obtained f o r  
d i f f e r e n t  shapes fol low.  

C i r cu la r  c ros s  s e c t i o n ,  smooth wal l  

- -  RU.,- - 3.5 + 5 .75  l o g  7 u, 

very  l a r g e  rec tangular  c ross  s e c t i o n ,  smooth wa l l  

c i r c u l a r  c ros s  s e c t i o n ,  rough wall  

- - R - 6 .5  + 5.75 log  u, 
S 

very  l a r g e  r ec t angu la r  c ross  s e c t i o n ,  rough wal l  

R c =  6.00 + 5.75 log  u, (6-44) 
S 

rec tangular  c ros s  s e c t i o n ,  rough wal l  and f r e e  su r f ace  

R !--= 6.25 + 5.75 log i; u, 
S 

where R i s  t h e  hydraul ic  r ad ius ,  
i s  t h e  kinematic v i s c o s i t y .  

U.,,i i s  t h e  f r i c t i o n  v e l o c i t y  and v 

by Keulegan -(1938). The f i r s t  
c ros s  s e c t i o n .  Coe f f i c i en t  5 .75 i s  

Equation 6-45 was presented  
parameter r e f l e c t s  t h e  shape of t h e  
a  func t ion  of t h e  un ive r sa l  cons tan t  K proposed by von Kirmin (1930) 
and conver t s  n a t u r a l  logs  t o  l o g s .  That i s  

The semi-logarithmic formulas a r e  widely used i n  hydrau l i c s .  They 
g ive  a  good approximation of t he  r e s i s t a n c e  t o  flow. 

For  p r a c t i c a l  use some of t h e  parameters def ined i n  a  previous 
s e c t i o n  a r e  u t i l i z e d  i n  semi-logarithmic form. 

From Chapter 3  (Simons and Sentiirk, 1977) t h e  logar i thmic  formula 
i s  

- -  ' - 2 . 0 3 5 1 o g  (R f i) - 0 . 9 1  
e (6-47) 

f i  
where R = UR - and R a r e  t h e  hydraul ic  r ad ius  of t h e  p ipe  o r  

e  v 

1-- = 2 . 0  log (Re Jij + 0.4- 
Ji 



where Re = Ur - and r a r e  t h e  r a d i u s  o f  t h e  p i p e .  I t  i s  customary t o  v 

e x p r e s s  Equat ion 6-47 a s  

Zegzhda (1939) was one of t h e  f i r s t  t o  a t t e m p t  t o  app ly  t h e s e  
concepts  t o  open channel  f low. S i n c e  t h e n  e x t e n s i v e  s t u d i e s  have been 
performed on t h i s  s u b j e c t  by many i n v e s t i g a t o r s .  T h e i r  e f f o r t s  t o  
determine t h e  Darcy-Weisbach parameter  ( f )  a r e  summarized i n  t h r e e  
c a t e g o r i e s .  

1. The r e s i s t a n c e  t o  f low i n  open channe l s  w i t h  f u l l y  developed 
roughness can be expressed by 

1 - R = c l o g  (a -) 
JT k 

S 

where 

2 .  The r e s i s t a n c e  i n  h y d r a u l i c a l l y  smooth channe l s  can be 
expressed  a s  

1 - = c l o g  (Re g) 
Ji 

where 

3 .  For  " n a t u r a l  rough" (nonuniform g r a i n s )  boundar ies  i n  t h e  
t r a n s i t i o n  zone between h y d r a u l i c a l l y  smooth boundar ies  and 
boundar ies  w i t h  f u l l y  developed roughness t h e  e q u a t i o n  

i s  a p p l i c a b l e .  I n  g e n e r a l ,  f  i s  a  f u n c t i o n  of t h e  r e l a t i v e  
roughness ,  t h e  Reynolds number, t h e  shape o f  t h e  c r o s s  sec -  
t i o n ,  and t h e  pa ramete rs  a ,  b ,  and c .  For  open channe l ,  c  
i s  e q u a l  t o  2 .0  and 2 .03.  The p roper  v a l u e s  of a  and b 
depend n o t  on ly ,on  t h e  v a l u e  of c ,  b u t  a l s o  on t h e  shape of 
t h e  c r o s s  s e c t i o n  of t h e  channe l .  Tab le  6-2 shows t h e  v a l u e s  
o f  a  and b  f o r  g iven  v a l u e s  of c  and c r o s s  s e c t i o n a l  
shape a s  suggested by v a r i o u s  i n v e s t i g a t o r s .  The o n l y  v a l u e s  
a p p l i c a b l e  t o  t h e  t r a n s i t i o n  zone a r e  t h o s e  g iven  by Colebrook 
and B r e t t i n g  (1960) f o r  c i r c u l a r  channe l s .  I n  Tab les  6-3 and 
6-4, Zegzhda.(1938) and Ackers (1958) s u g g e s t  k v a l u e s  f o r  
r i g i d  boundary c o n d u i t s .  However, f o r  sand b%d c h a n n e l s ,  
E i n s t e i n  (1950) sugges ted  t h a t  k Z D f feyer-Peter  (1948) 65 ' s u g g e s t s  t h a t  k  r D and Simons and Richardson (1966) 

S 90 ' 
s u g g e s t  t h a t  k E D s 85 '  



In 1889 Manning presented an equation to approximate the average 
velocity in open channels ( ) .  This formula defines the resistance to 
flow. The most useful forms are 

in metric units, and 

in English units. 

Equation 6-30 can be transformed to 

for which n has the dimensions 

In1 = TL -113 

It is difficult to accept that n is a function of time. To overcome 
n' 

this anomaly it is customary to assume n = - . Substituting this value 
Q 

into Equation 6-54 yields 6 

If n' is called n, Equation 6-55 becomes 

This dimension is accepted in general. The same result is achieved 
starting with Equation 6-45 which can be written as 

(+;)Manning's formula was first proposed in 1885 but was not published 
in its present form until 1889. Powel (1960) presented its chrono- 
logical development as follows: 
1868 - Gauckler proposed a formula of the form 

U = A R  'I3 sl/'. This formula is valid for S i 0.0007. 
1881 - Hagen, using the test results of Kutter, proposed the same 

formula for all values of S. 
1885 - Manning proposed his formula. 
1889 ' - Manning introduced barometric pressure in his formula 

U = C [ R " ~  + 0.22 (R - 0.15 m)] where m is the 
Sm 

atmospheric pressure in meters. 
1890 - Flamant introduced Manning's formula in his book (1891). 
1899 - Willcocks and Holt translate the formula into English units. 
1911 - Buckley used the n values proposed by Flamant and the 

coefficient 1.486 to convert t o  English units. 



Combining Equa t ions  6-57 and 6-53 y i e l d s  

116 
R 

(F) - 
n  Jg = n '  = s k1/6 

R s 5 . 7 5  l o g  12 .21  
S 

Also,  Equa t ion  6-53 can be w r i t t e n  a s  

Compared w i t h  Equat ion 6-6,  Equat ion 6-58 shows t h a t  

However, n n o t  on ly  changes w i t h  Reynolds number b u t  i s  a  f u n c t i o n  o f :  

t h e  dep th  of f low 
t h e  sediment t r a n s p o r t  (bed l o a d ,  suspended l o a d ,  and wash 
load)  
f l o a t i n g  d e b r i s  
t h e  geometry of t h e  c r o s s  s e c t i o n  
t h e  geomet r ic  p a t t e r n  of s c o u r i n g  and s i l t i n g  i n  t h e  channe l  
t h e  s i z e  of bed m a t e r i a l  
t h e  t y p e  and e x t e n t  of v e g e t a t i o n  on t h e  banks 
t h e  wa te r  t empera tu re  
w i n d , d i r e c t i o n  and magnitude.  

I n  1959 V .  T. Chow p u b l i s h e d  t h e  d e t a i l e d  l i s t  of sugges ted  n  
v a l u e s  given i n  Tab le  6-5. 

The Ch&y Formula 

I n  1769 Antoine Ch6zy a  French e n g i n e e r ,  was charged t o  s t u d y  
t o g e t h e r  wi th  Leon Rodolphe Peronne t ,  n a v i g a t i o n  p o s s i b i l i t i e s  on t h e  
Canal de  1 ' Y v e t t e .  He . developed a  s imple  formula f o r  de te rmin ing  
t h e  average  v e l o c i t y  i n  t h i s  wa te r  c o u r s e .  T h i s  formula i s  wide ly  
recognized by e n g i n e e r s .  Ch6zy assumed t h a t  t h e  d r a g  f o r c e  may be  
expressed  i n  terms of t h e  dynamic v a r i a b l e s  of r e s i s t a n c e ,  v i s c o s i t y  
and v e l o c i t y  i . e . ,  
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Table 6-5. Values of t h e  roughness c o e f f i c i e n t  n ( a f t e r  Chow, 1959).  
--- - 

Type of Channel and Descr ip t ion  Minimum Normal Maximum 

A.  Closed Conduits Flowing P a r t l y  F u l l  
A-1 .  Metal 

a .  Brass ,  smooth 0.009 
b .  S t e e l  

1. Lockbar and welded 0.010 
2 .  Riveted and s p i r a l  0.013 

c .  Cast i r o n  
1. Coated 0.010 
2. Uncoated 0.011 

d .  Wrought i r o n  
1. Black 0.012 
2. Galvanized 0.013 

e .  Corrugated metal 
1. Subdrain 0.017 
2.  Storm d r a i n  0.021 

A-2. Nonmetal 
a .  Luc i t e  0.008 
b. Glass 0.009 
c .  Cement 

1. Neat su r f ace  0.010 
2. Mortar 0.011 

d.  Concrete 
1. Culver t ,  s t r a i g h t  and f r e e  

of d e b r i s  0.010 
2 .  Culver t  with bends, connect ions,  0.011 

and some deb r i s  
3 .  Finished I 
4.  Sewer wi th  manholes, i n l e t ,  

e t c . ,  s t r a i g h t  
5 .  Unfinished, s t e e l  form 
6 .  Unfinished, smooth wood form 
7 .  Unfinished, rough wood form 

e .  Wood 
1. Stave 
2. Laminated, t r e a t e d  

f .  Clay 
1. Common drainage t i l e  
2. V i t r i f i e d  sewer 
3 .  V i t r i f i e d  sewer wi th  manholes, 

inlet, etc. 
4. V i t r i f i e d  subdrain wi th  open 

j o i n t  
g .  Brickwork 

1. Glazed 
2. Lined wi th  cement mortar 

h.  San i t a ry  sewers coated with 
sewage s l imes wi th  bends and 
connections 



Table  6-5. (Continued) 

Type of Channel and D e s c r i p t i o n  Minimum Normal Maximum 

i .  Paved i n v e r t ,  sewer ,  smooth 
bottom 0.016 0 .019 0.020 

j .  Rubble masonry, cemented 0 .018 0 .025 0.030 

8. Lined o r  Bui l t -up  Channels 
B-1.  Metal  

a .  Smooth s t e e l  s u r f a c e  
1. Unpainted 
2 .  P a i n t e d  

b .  Corrugated 
B-2. Nonmetal 

a .  Cement 
1. Nea t ,  s u r f a c e  
2 .  Mortar 

b .  Wood 
1. P laned ,  u n t r e a t e d  
2 .  P laned ,  c r e o s o t e d  
3 .  Unplaned 
4 .  Plank w i t h  b a t t e n s  
5 .  Lined w i t h  roof ing  

c .  Concrete  
1. Trowel f i n i s h  
2 .  F l o a t  f i n i s h  
3 .  F i n i s h e d ,  wi th  g r a v e l  on 

bottom 
4. Unfinished 
5 .  Guni te ,  good s e c t i o n  
6 .  Guni te ,  wavy s e c t i o n  
7 .  On good excavated rock 
8 .  On i r r e g u l a r  excavated rock 

d .  Concrete  bottom f l o a t  f i n i s h e d  
w i t h  s i d e s  of 
1. Dressed s t o n e  i n  mor ta r  
2 .  Random s t o n e  i n  mor ta r  
3 .  Cement rubb le  masonry, p l a s t e r e d  
4 .  Cement r u b b l e  masonry 
5 .  Dry r u b b l e  o r  r i p r a p  

e .  Gravel bottom w i t h  s i d e s  of 
1. Formed c o n c r e t e  
2. Random s t o n e  i n  mortar  
3. Dry r u b b l e  o r  r i p r a p  

f .  Brick  
1. Glazed 
2 .  I n  cement mor ta r  

g .  Masonry 
1. Cemented rubb le  
2 .  Dry rubb le  

h .  Dressed a s h l a r  



Table  6-5. (Continued) 

Type o f  Channel and D e s c r i p t i o n  Minimum Normal Maximum 

i .  Aspha l t  
1. Smooth 
2 .  Rough 

j .  Vege ta l  l i n i n g  

Excavated o r  Dredged 
a .  E a r t h ,  s t r a i g h t  and uniform 

1. Clean,  r e c e n t l y  completed 
2 .  C lean ,  a f t e r  wea ther ing  
3 .  Grave l ,  uniform s e c t i o n ,  c l e a n  
4 .  With s h o r t  g r a s s ,  few weeds 

b .  E a r t h ,  winding and s l u g g i s h  
1. No v e g e t a t i o n  
2 .  Grass ,  some weeds 
3 .  Dense weeds o r  a q u a t i c  p l a n t s  

i n  deep channels  
4 .  E a r t h  bottom and r u b b l e  s i d e s  
5 .  Stony bottom and weedy banks 
6 .  Cobble bottom and c l e a n  s i d e s  

c .  Dragl ine-excavated o r  dredged 
1. No v e g e t a t i o n  
2 .  L i g h t  b r u s h  on banks 

d .  Rock c u t s  
1. Smooth and uniform 
2. Jagged and i r r e g u l a r  

e .  Channels n o t  main ta ined ,  weeds 
and b r u s h  uncut  
1. Dense weeds, h:gh a s  f low dep th  
2 .  Clean bottom, b rush  on s i d e s  
3 .  Same, h i g h e s t  s t a g e  of f low 
4 .  Dense b r u s h ,  h igh  s t a g e  

N a t u r a l  Streams (77) 

D - 1 .  Minor s t reams  ( t o p  wid th  a t  
f l o o d  s t a g e  < 100 f t )  

a .  St reams on p l a i n  
1. Clean ,  s t r a i g h t ,  f u l l  s t a g e ,  

no r i f t s  o r  deep p o o l s  
2 .  Same a s  above,  b u t  more 

s t o n e s  and weeds 
3 .  Clean ,  winding,  some poo ls  

and s h o a l s  
4 .  Same a s  above,  b u t  some 

weeds and s t o n e s  
5 .  Same a s  above,  lower s t a g e s ,  

more i n e f f e c t i v e  s l o p e s  and 
s e c t i o n  

6 .  Same a s  4 ,  b u t  more s t o n e s  

(.::)Also r e f e r  t o  B a r n e ' s  work (1967) .  



Table  6-5 .  (Continued) 

Type of Channel and D e s c r i p t i o n  Minimum Normal Maximum 

7 .  S l u g g i s h  r e a c h e s ,  weedy, 
deep p o o l s  

8 .  Very weedy reaches ,  deep p o o l s ,  
o r  floodways w i t h  heavy s t a n d  
o f  t imber  and underbrush 

Mountain s t r e a m s ,  no v e g e t a t i o n  i n  
channe l ,  banks u s u a l l y  s t e e p ,  t r e e s  
and b r u s h  a long  banks submerged a t  
h i g h  s t a g e s  
1. Bottom: g r a v e l s ,  cobbles  and 

few b o u l d e r s  
2 .  Bottom: cobbles  w i t h  l a r g e  

bou lders  
Flood p l a i n s  
P a s t u r e ,  no b rush  
1. S h o r t  g r a s s  
2 .  High g r a s s  
C u l t i v a t e d  a r e a s  
1. No crop 
2 .  Mature row crops  
3 .  Mature f i e l d  c rops  
Brush 
1. S c a t t e r e d  b r u s h ,  heavy weeds 
2 .  L i g h t  b r u s h  and t r e e s  i n  w i n t e r  
3 .  L i g h t  b r u s h  and t r e e s  i n  summer 
4 .  Medium t o  dense b r u s h  i n  w i n t e r  
5 .  Medium t o  dense b rush  i n  summer 
Trees  
1. Dense wi l lows,  summer, s t r a i g h t  
2 .  Cleared l and  w i t h  t r e e  stumps, 

no s p r o u t s  
3 .  Same a s  above, b u t  w i t h  heavy 

growth of s p r o u t s  
4. Heavy s t a n d  of t i m b e r ,  a  few 

down t r e e s ,  l i t t l e  undergrowth,  
f l o o d  s t a g e  below branches  

5 .  Same a s  above,  b u t  w i t h  f l o o d  
s t a g e  reach ing  branches  

Major s t reams  ( t o p  width  a t  f lood  
s t a g e  > 100 f t ) .  The n  v a l u e  i s  
l e s s  t h a n  t h a t  f o r  minor s t reams of 
s i m i l a r  d e s c r i p t i o n  because banks 
o f f e r  l e s s  e f f e c t i v e  r e s i s t a n c e .  
Regular  s e c t i o n  w i t h  no b o u l d e r s  o r  
b r u s h  
I r r e g u l a r  and rough s e c t i o n  



This relation may be applied equally well to flow in open channels, 
and pipes if the Darcy-Weisbach resistance coefficient (f) is evaluated 
properly for the different flow characteristics and the different shapes 
of channels .. 

Substituting Equation 6-60 into Equations 6-14 and 6-12 and 
rearranging gives - 

with 

The term (C) is called Ch6zy's coefficient of resistance. It has the 
dimens ions 

h But it is possible to define a dimensionless coefficient by assuming 

C = C f &  6-26 

where C' is dimensionless. 

Combining Equations 6-22, 6-28, and 6-45 yields 

- R R = 6.25 + 5.75 log i; + 5.75 log 12.21 i; 
4-F S S 

and assuming g = 9.81, Equation 6-63 takes the form 

R C = 18 log 12.21 - 
k s 

Einstein has added a correction factor x to this formula and he 
changed it slightly as shown in Equation 6-79. Utilizing this relation 
Equation 6-64 yields 



RU, k  U, s " C = 1 8  l o g  12.27 - 18 l o g  - 
v  + 18 l o g  x 

ksU, 
where x i s  a  f u n c t i o n  o f  -. 

v '  s e e  F i g u r e  6-2. The v a r i a t i o n  of 

Ch6zy1 s c o e f f i c i e n t  i s  shown i n  F igure  6-3. 

A c l o s e  examinat ion of F i g u r e  6-3 r e v e a l s  t h a t :  

1. For  v a l u e s  of > 70 t h e  r a d i u s  of c u r v a t u r e  o f  t h e  c u r v e s  
v  

i n c r e a s e s  v e r y  r a p i d l y  and f o r  % > 500 i t  i s  p r a c t i c a l l y  e q u a l  t o  v i n £  i n i t y  . 

2 .  F o r  v a l u e s  of % < 3 . 6 3  t h e  bed i s  cons idered  h y d r a u l i c a l l y  
v  k  

S smooth, t h e  r e p r e s e n t a t i v e  curves  t e r m i n a t e  when - = 0.3129. 6 

3 .  The r e p r e s e n t a t i v e  curves  c r o s s  t h e  a x i s  o f  a b s c i s s a  a t  
RU.. d i f f e r e n t  p o i n t s  accord ing  t o  d i f f e r e n t  v a l u e s  of - However, C = 0 v 

i s  a  c o n d i t i o n  t h a t  cannot  be  r e a l i z e d .  

4 .  I t  was shown i n  Chapter 3  (Simons and S e n t u r k ,  1977) t h a t  f o r  
a  s u r f a c e  t o  be  h y d r a u l i c a l l y  smooth it is  s u f f i c i e n t  t h a t  

T h i s  c o n d i t i o n  l e a d s  t o  

S c h l i c h t i n g  (1955) g i v e s  

f o r  t h e  average  c o n d i t i o n  of a  h y d r a u l i c a l l y  smooth s u r f a c e .  Using t h i s  
r e l a  t i o n  

ksU, 
S u b s t i t u t i n g  t h e  v a l u e  of 7 t aken  from Equa t ion  6-66 i n  Equa t ion  
6-68 y i e l d s  



Figure 6-2. Correction factor in the logarithmic velocity distr'ibution. 

in English units, and 

in metric units. This Value of C corresponds to RL 1 1000. 
I v 

Strickler's Formula, Manning-Strickler's Formula, Lane's Formula 

Strickler (1923) defined Manning's n as a function of particle 
size 

where D represents the diameter in mm of -the uniform sand' used in 
performing the study. The experiments were conducted in a small flume, 
which had the experimental sand pasted on the bottom and walls. For 
that reason this equation cannot be used to predict the resistance to 
flow with a mobile bed. 

Meyer-Peter and Muller (1948), considering a sand mixture, 
transformed Strickler's formula to 



Figure 6-3. Variation of Chezy's coefficient as a function of 

RU, k U, k 
-Le - S 

v ' v  and - 6 ' 



Dl16 
9 0 n = -  
2 6 

( i n  m e t r i c  u n i t s ,  D i n  m) 

D i f f e r e n t  forms of S t r i c k l e r ' s  formula f o l l o w s  

U5 0 n = - -  116 
3 1 . 3  - 0.032 D50 (D50 i n  f t )  

Keulegan (1938) 

1 /6  
D5 0 n = -  
46.9  (D50 i n  f t )  

i n  (1949) he  sugges ted  

1 / 6  
D90 n = -  
49.0 

(DgO i n  f t )  

n = -  i n  f t )  (6-69f) 

Th is  e q u a t i o n  can be  used t o  approximate  Manning's c o e f f i c i e n t  when t h e  
bed i s  n o t  paved w i t h  cobb les .  Tab le  6-6 compares t h e  r e s u l t s  o b t a i n e d  
by d i r e c t  a p p l i c a t i o n  .of Equat ion 6-69a w i t h  cor responding  measured 
v a l u e s .  

Lane and Car l son  (1953),  a s  a r e s u l t  o f  t h e i r  San L u i s  V a l l e y  
s t u d y ,  sugges ted  t h e  formula 

where D75 i s  measured i n  i n c h e s .  The beds  of t h e  c a n a l s  s t u d i e d  were 

paved w i t h  c o b b l e s .  

S u b s t i t u t i n g  t h e  v a l u e  of n g iven  by Equa t ion  6-69a i n  Manning's  
e q u a t i o n  y i e l d s  

u - - 26 R - -  
1 / 6  R 1 /6  

(-1 = 8 .30  (-) ( 2 )  u.. 112 Dgo " g D90 

P ) T h e  c o e f f i c i e n t  8 . 3 0  i n  ~ ~ u a t i o n  6-72 i s  o b t a i n e d  when working i n  
m e t r i c  measurements. 



Table  6-6. Comparison o f  computed v a l u e s  o f  n determined from 
e q u a t i o n  69a w i t h  corresponding measured v a l u e s  (;?). 

D90mm ( C C )  
Name of R i v e r  n 

Computed Measured 

Cla rk  Fork a t  S t .  Reg is ,  Montana 

Cla rk  Fork above Missoula ,  Montana 

Blackfoo t  River  n e a r  Ovando, Montana 

Coeur d f A l e n e  R i v e r  n e a r  P r i c h a r d  

West Fork B i t t e r r o o t  River  
n e a r  C o m e r ,  Montana 

Wenatchee R i v e r  a t  P l a i n e ,  
Washington 

Spokane Ri,ver a t  Spokane, 
Washington 

Middle Fork F l a t h e a d  River  n e a r  
Essex ,  Montana 

Grande Ronde R i v e r  a t  l a  Grande, 
Oregon 

Provo River  n e a r  H a i l s t o n e ,  Utah 

South Fork Clea rwate r  River  n e a r  
G r a n g e v i l l e ,  Idaho 

E a s t  Branch Au S a b l e  River  a t  
Au S a b l e  F o r k s ,  New York 

Rock Creek Canal n e a r  Darby, 
Montana 

Merced River  a t  Happy I s l e s  
Bridge n e a r  Yosemite,  C a l i f o r n i a  

Boundary Creek n e a r  P o r t h i l l ,  Idaho 

Rock Creek n e a r  Darby, Montana 

 geological Survey Water-Supply Paper  1843 "Roughness C h a r a c t e r i s t i c s  
of N a t u r a l  Channels ."  

(")DgO i s  assumed e q u a l  t o  Da4 ( t h e  v a l u e  used i n  t h e  o r . ig ina1  p a p e r )  

and t h e  Ds4 v a l u e  i s  in t roduced  i n  Equa t ion  69a.  Dg0 i s  i n  mm. 



h 
Equation 6-72 is called Manning-Strickler's equation and for the general 
case can be written as 

where D is the representative diameter of the bed material in meters 
1 

or feet. For C = 26 and m = -, Equation 6-73 reduces to Equation 6-71. 6 

Monomial Type Formulas Describing the Resistance to Flow in General 

The Monomial type formula has the form 

Coefficient k and parameter m may be determined for each particular 
case. For values of k and m equal to 8.30 and 6, respectively. 
Equation 6-74 reduces to Manning-Strickler's formula given by Equation 
6-72. 

Lindquist (1933) gave Equation 6-74 with m = 6. Keulegan (1938) 
studied the variation of the resistance to flow and developed Equations 
6-74 and 6-45. Eliminating U/U;? between these relations yields 

For m = 6, the mean value of k derived from this relation is 8.12($~), 
then Equation 6-74 becomes 

Equation 6-75 can be used to estimate the resistance to flow for natural 
channels. 

It is interesting to study the variation of the parameter m with 
the relative roughness. Figure 6-4 shows the variation of Equation 6-74 
when written as 

U 1 R 
log - = log k + - log (-) 

"$: m D90 

For k = 8.12 and m = 6, Equation 6-76 is plotted on Figure 6-4 
yielding the straight line 1.1. If the flow takes place on a wide bed 
with flat bottom and a uniform roughness the characteristics of the flow 
can be expressed by Equation 6-45. For this case refer to curve 3.3 on 

4 Figure 6-4. 

(*)cf. Figure 6-3. 





There i s  a  d i f f e r ence  between t h e  s t r a i g h t  l i n e  1.1 and t h e  curve 
3 . 3 ,  due t o  t h e  v a r i a t i o n  i n  t h e  va lue  of t h e  parameter m .  I n  a d d i t i o n  
t h e  s t r a i g h t  l i n e  2 . 2  represents  Equation 6-77. 

There i s  an apparent  overlapping of t hese  t h r e e  r e p r e s e n t a t i v e  r e l a t i o n s  
when 

Hence, it i s  p o s s i b l e  t o  use Equation 6-77 o r  Equation 6-75 t o  de f ine  
t h e  r e s i s t a n c e  t o  flow i n  n a t u r a l  channels.  An experimental method can 
be der ived  based on t h e  preceding r e l a t i o n s .  I f  k  and m i n  Equation 
6-74 a r e  determined d i r e c t l y  i n  s i t u  a  monomial formula r ep re sen t ing  the  
v a r i a t i o n  of t h e  r e s i s t a n c e  i n  t h i s  p a r t i c u l a r  r i v e r  can be obta ined .  
This type of r e l a t i o n  i s  very use fu l  i n  phys i ca l  and mathematical model 
s t u d i e s .  U t i l i z i n g  f i e l d  measurements and observa t ions ,  engineering 
model s t u d i e s ' c a n  be conducted e a s i l y  and accu ra t e ly  i f  t h e  r e s i s t a n c e  
t o  flow can. be approximated by a  monomial type  formula. Example A 
i l l u s t r a t e s  t h i s  approach. 

Example A 
4 

Extensive measurements were made on t h e  Goksu River ,  Turkey, t o  
de f ine  t h e  v a r i a t i o n  of r e s i s t a n c e  t o  flow. U s i n g  these  da ta  determine 
t h e  monomial formula represent ing  t h i s  v a r i a t i o n  and compare t h e  
r e s u l t s  obtained wi th  r e s u l t s  when u t i l i z i n g  d i f f e r e n t  r e s i s t a n c e  
formulas . 

Data: The r i v e r  da ta  obtained by d i r e c t  measurements a r e  given i n  
t h e  fol lowing t a b l e s .  

Table 6 - 7 .  Flow c h a r a c t e r i s t i c s  of t h e  Goksu R ive r ,  Turkey. 

Table 6-8. Sediment c h a r a c t e r i s t i c s  of t h e  Goksu River ,  Turkey. 



Solu t ion:  

U Values o f  - and - a r e  computed and l i s t e d  i n  Table 6-9 u,. D90 

u Table 6-9. Values of - and - , GGksu River ,  Turkey. u, D90 

U Values of - and - taken from Table 6-9 a r e  p l o t t e d  on Figure  6-5 
D90 

a s  o rd ina t e  and absc issa  va lues .  The s t r a i g h t  l i n e  represent ing  t h e  
v a r i a t i o n  of t h e  r e s i s t a n c e  of t h e  Goksu River i n  t h i s  reach i s  then  t h e  
s t r a i g h t  l i n e  A-A shown i n  Figure 6-5. The monomial type formula 
corresponding t o  A-A i n  Figure 6-5 i s  

The v a r i a t i o n  of t h e  r e s i s t a n c e  c h a r a c t e r i s t i c s  computed using'Manning1s 
formula and Ch&yls formula a r e  t abu la t ed  i n  Table 6-10. 

Table 6-10. Var i a t ion  of c o e f f i c i e n t s  n  and c .  

Considering S t r i c k l e r ' s  formula 

U t i l i z i n g  t h e  semi-logarithmic r e s i s t a n c e  formula 





D65U% 
C = 18 l o g  12.21 RA - 18 l o g  - 

v v + 18 l o g  x 

D65U5 
and s u b s t i t u t i n g  t h e  v a l u e s  o f  RL - v '  v and x based upon t h e  d a t a  

of Example A y i e l d s  t h e  r e s u l t s  p r e s e n t e d  i n  Table  6-11. 

Table  6-11. V a r i a t i o n  of Chezy's  and Manning's roughness c o e f f i c i e n t s  
-6 2 computed from t h e  semi- logar i thmic  r e l a t i o n ,  v = 10 m / s e c .  

Tab le  6-12 summarizes t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  d i f f e r e n t  
approaches.  

Other  Flow Formulas 

S e v e r a l  i n v e s t i g a t o r s  have sugges ted  d i f f e r e n t  formulas  t o  
determine t h e  c h a r a c t e r i s t i c s  of t h e  f low i n  open c h a n n e l s .  Others  
have t r i e d  t o  d e f i n e  Ch6zy' s c o e f f i c i e n t  C . 

The performance of l a r g e  c o n c r e t e - l i n e d  i r r i g a t i o n  c a n a l s  was 
i n v e s t i g a t e d  by t h e  U. S .  Bureau of Reclamation ( T i l p  and S c r i v n e r ,  
1964). As a  r e s u l t  of i t s  c a n a l  c a p a c i t y  test  program, a d e s i g n  
procedure  was p r e s e n t e d  t h a t  u t i l i z e s  t h e  Marming q q u a t i o n .  The 
Bureau 's  d e s i g n  procedure  employs F i g u r e s  6-6, 6-7,  and 6-8. The 
procedure  sugges ted  f o r  des ign  i s  o u t l i n e d :  

Determine t h e  p r e l i m i n a r y  c a n a l  s e c t i o n  u s i n g  Manning's 
formula and assuming n  from F i g u r e  6-6. 

Assume t h e  wa te r  t empera tu re  t h a t  w i l l  ex i s t  a t  d e s i g n  f low 
and compute Reynolds number R = 4RU/v f o r  t h e  p r e l i m i n a r y  e  
s e c t i o n .  

E n t e r  F i g u r e  6-7 w i t h  t h e  computed v a l u e  o f  Re ,  p r o j e c t  a  
v e r t i c a l  l i n e  upward t o  t h e  average  d a t a  c u r v e ,  mark t h e  
i n t e r s e c t i o n  p o i n t  1 and read  t h e  v a l u e  o f  f .  

E n t e r  F i g u r e  6-7 w i t h  t h e  v a l u e  o f  f and l o c a t e  p o i n t  2 a t  
t h e  i n t e r s e c t i o n  w i t h  t h e  h y d r a u l i c  r a d i u s  l i n e  from t h e  
p r e l i m i n a r y  s e c t i o n .  



5. Project a vertical line from point 2 and read Manning's n 
from the linear scale. If the n value from Figure 6-8 does 
not agree with the assumed value', repeat steps 1 through 5 
with the value indicated by Figure 6-8. 

In applying this method, the Reynolds number Re, the slope S, and 

the Darcy-Weisbach friction factor f are dimensionless, the hydraulic 
radius R is in feet, the kinematic viscosity v has the units 

2 ft /sec, the average velocity U is in ft/sec, and the gravitational 
2 

acceleration g is 32.2 ft/sec . For greater detail, refer to Tilp 
and Scrivner (1964). 

R = Hydraulic Radius ( f t) 

NOTES: 
Curve A K = 0.010 f t  Precast Pipe with Mortar 

Squeeze at Joints. Brick in Concrete 
Mortar (Normal Example). 

Curve B K = 0.002f t Monolithic Construction against 
Steel Forms Smooth Troweled Surface 
( Normal Example). 

Figure 6-6. Relation between'Manningls n and hydraulic radius 
R for different rigid surfaces (Tilp and Scrivner, 
1964). 

6.4 RESISTANCE TO FLOW IN SAND BED CHANNELS 

The monomial formula expressing the variation of the resistance to 
flow for the Goksu River is based upon experimental results and closely 
approximates the measured values of resistance. Large discrepancies 
exist between the values of the resistance computed from Manning- 
Strickler's formula, the semi-logarithmic formula and the measured 
values oi the resistance. In this particular case the Manning-Strickler 
formula and the semi-logarithmic formula give similar results. The - difference between the measured and computed values of n may be 

attributed to the existence of bed forms and bars in the channel. 
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Figure 6-7. Resistance diagram showing the relation between friction factor f and Reynolds 
number R for straight reaches of all canals (Tilp and Scrivner, 1964) .  

e 



~ o n n i n ~ l s  Roughness Coefficient , n 

Figure 6-8. Resistance diagram showing the relation between 
friction factor f and Manning's roughness 
coefficient n for straight reaches of all 
canals (Tilp and Scrivner, 1964). 

Table 6-12. Comparison of results obtained by applicat5on of different 
resistance fokmulas with measured values U/U+. 

Monomial .Manning-Strickler Logarithmic Measured 
R (m) Formula Formula Formula Value 

($<)Values between brackets show the discrepancies from the measured 
values in percent. 

Einstein's Approach for Solving the Problem of Resistance to Flow Over 
Movable Boundaries with Bed Forms 

Einstein (1950) presented two relations for solving the problem of 
resistance to flow with movable boundaries and bed forms. The first. 
relation applies to the resistance due to skin friction; the second 
utilizes graphics to define the resistance to flow caused by bed forms. 



The f i r s t  e x p r e s s i o n  i s  s i m i l a r  t o  Equa t ion  6-45 and i s  w r i t t e n  

where x  i s  a  c o r r e c t i o n  f a c t o r  t h a t  compensates f o r  c o n d i t i o n s  where 
t h e  channel  bed i s  n o t  f u l l y  rough. The v a l u e  of x  i s  g iven  i n  F i g u r e  

k 
S 6-2 a s  a  f u n c t i o n  of - 6 '  The 6 v a l u e  i s  t h e  t h i c k n e s s  of t h e  l aminar  

s u b l a y e r  equa l  t o  - lla6". Due t o  t h e  p resence  o f  suspended sedi.ment, u;r; 
Equa t ion  6-79 may r e q u i r e  m o d i f i c a t i o n .  When U i s  known, Equa t ion  6-79 
y i e l d s  t h e  v a l u e  o f  R ' .  

The second component of t h e  r e s i s t a n c e  i s  due t o  t h e  e f f e c t  o f  t h e  
bed forms.  T h i s  form roughness o r  form d r a g  i s  a  f u n c t i o n  o f  f low.  A 
smal l  change i n  any v a r i a b l e  a f f e c t i n g  t h e  form of bed roughness w i l l  
cause  a  change i n  t h e  bed roughness and t h e  r e s i s t a n c e  t o  f low.  
E i n s t e i n  (1950) p o i n t e d  o u t  
sediment t r a n s p o r t .  Hence, 

where ' i s  t h e  i n t e n s i t y  

a l s o  $' i s  t h e  inverse .  o f  

t h a t  t h e  form d r a g  was r e l a t e d  t o  the  t o t a l  
he sugges ted  a  f u n c t i o n a l  r e l a t i o n  

o f  s h e a r  on t h e  r e p r e s e n t a t i v e  p a r t i c l e s  and 

Y I  D35 -- 
y SR' 

t h e  Froude number r e l a t e d . t o  t h e  g r a i n  s ize .  

The !- = f  ($ ' )  r e l a t i o n s h i p  a s  developed from f i e l d  d a t a  i s  shown U!!. 

i n  F i g u r e  6-9. 

The r e s i s t a n c e  of d i f f e r e n t  bed forms t o  f low i s  shown i n  F i g u r e  
6-5 a s  a  s i n g l e  curve .  I t  i s  p robab le  t h a t  d i f f e r e n t  p o r t i o n s  o f  t h i s  
curve  correspond t o  d i f f e r e n t  bed forms.  However, Bishop, Simons and 
Richardson (1965) showed t h a t  t h e  r e l a t i o n  is  n o t  v a l i d  f o r  upper  
regime f lows i n  sand-bed channels  and Senti irk (1975) p o i n t e d  o u t  t h a t  
t h i s  curve i s  inadequa te  when ' i s  s m a l l e r  t h a n  10. 

E i n s t e i n  and Barbarossa  (1952) i n t e r p r e t e d  F i g u r e  6-9 i n  a  s m a l l e r  
way. The i n t e r e s t i n g  p o i n t  i n  E i n s t e i n ' s  approach i s  t h a t  t h e  f a c t o r s  

governing t h e  r e s i s t a n c e  a r e  reduced t o  *' . The f i r s t  
35 

parameter  i s  a  Froude number and t h e  second i s  t h e  r e l a t i v e  roughness .  
Comparing Equat ion 6-79 and F i g u r e  6-9 w i t h  Equa t ion  6-6 it i s  p o s s i b l e  
t o  s e e  t h a t  t h e  pa ramete rs  p r e v i o u s l y  used t o  d e f i n e  t h e  r e s i s t a n c e  t o  
f low a r e  used by E i n s t e i n  i n  t h e i r  g e n e r a l  form. The Reynolds number 
i s  r e p l a c e d  by t h e  Reynolds number o f  t h e  p a r t i c l e  and t h e  Froude 
number by t h e  Froude number expressed  i n  t e rms  of t h e  f r i c t i o n  v e l o c i t y .  
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F i g u r e  6-9 .  F r i c t i o n  l o s s  due t o  channel  i r r e g u l a r i t i e s  a s  a  f u n c t i o n  
o f  sediment t r a n s p o r t  ( a f t e r  E i n s t e n  and B a r b a r o s s a ,  1952) .  

A c l o s e  i n s p e c t i o n  of E i n s t e i n ' s  approach shows t h e  importance o f  
t h e  v a r i a t i o n  o f  Ul; on t h e  r e s i s t a n c e  t o  f low.  When t h e  d i s c h a r g e  
i n c r e a s e s  i n  a  meandering channel  t h e  sediment  t r a n s p o r t  a l o n g  t h e  bed 
i n c r e a s e s  and t h e  d i s t o r t i o n  o r  s i n u o s i t y  d e c r e a s e s  because  t h e  
meanders p r o g r e s s i v e l y  s t r a i g h t e n .  The v a l u e  of U:: e x p e r i e n c e s  a  
s i m i l a r  d e c r e a s e .  

E i n s t e i n ' s  approach was checked w i t h  a  l i m i t e d  amount o f  c a n a l  d a t a  
from P a k i s t a n .  The v a r i a n c e  d i d  n o t  exceed 0 . 0 1 8 .  Nordin (1964) has  
confirmed t h e  v a l u e  of t h i s  method. H a r r i s o n  and Melema (1967) w i t h  
d a t a  from t h e  Missour i  and t h e  M i s s i s s i p p i  R i v e r s  found a  good 
agreement between computed and measured r e s u l t s  u s i n g  E i n s t e i n ' s  
approach.  However, when t h i s  r e l a t i o n  i s  a p p l i e d  t o  n a t u r a l  w a t e r  
c o u r s e s  w i t h  s m a l l  s l o p e s  t h a t  t r a n s p o r t  f i n e  sand t h e  d i s c r e p a n c i e s  
a r e  l a r g e  (Sen turk ,  1945).  

Using t h e  f o r e g o i n g  method a  mean s t a g e  d i s c h a r g e  r e l a t i o n s h i p  f o r  
a  r i v e r  r e a c h  can be determined provided t h e  c h a r a c t e r i s t i c s  o f  t h e  
reach  and i t s  bed m a t e r i a l  a r e  known. The p rocedure  sugges ted  by 
E i n s t e i n  and Barbarossa  (1952) f o l l o w s .  

A f t e r  su rvey ing  t h e  s e l e c t e d  r e a c h ,  de te rmine  
S '  D65 ' D35 and t h e  

4 
c r o s s  s e c t i o n a l  dimensions o f  t h e  average c r o s s  s e c t i o n  o f  t h e  channe l .  
Then, two kinds  o f  problems can be  so lved  by a p p l y i n g  E i n s t e i n ' s  
p rocedure :  



1. With Q g i v e n d e t e r m i n e  R .  
2 .  With R g iven  determine Q .  

To s o l v e  t h e  f i r s t  problem t h e  fo l lowing  p rocedure  i s  sugges ted :  

S t e p  1. Assume a  reasonab le  R' 
S t e p  2.  Apply Equat ion 6-79 and F i g u r e  6-2 t o  de te rmine  U 

S t e p  3 .  Compute ' and t h e n  read - from F i g u r e  6-5 
S t e p  4 .  Compute UA! and t h e n  R" U!,! 

S t e p  5 .  Compute R"= R '  + R" and determine t h e  cor responding  
v a l u e s  of s t a g e  y  and c r o s s  s e c t i o n a l  a r e a  A 

S t e p  6 .  Determine Q from Q = AU. I f  t h i s  v a l u e  of Q matches 
t h e  g iven  v a l u e  of t h e  d i s c h a r g e ,  t h e  problem i s  s o l v e d .  
I f  a n  a p p r e c i a b l e  d i f f e r e n c e  e x i s t s  between t h e  complete 
and known v a l u e  of Q choose a n o t h e r  v a l u e  f o r  R '  and 
r e p e a t  S t e p s  1 th rough  6 u n t i l  agreement i s  ach ieved .  

To s o l v e  t h e  second problem: 

S t e p  1. Assume a  reasonab le  v a l u e  of R '  
S t e p  2 .  Apply Equat ion 6-79 and F i g u r e  6-2 t o  determine U 

S t e p  3 .  Compute ' and t h e n  read  - from F i g u r e  6-5 
S t e p  4. Compute U and t h e n  R" U!,! 

S t e p  5. Compute R = R '  + R". I f  t h i s  v a l u e  of R a g r e e s  w i t h  
t h e  g iven  d i s c h a r g e  t h e  problem i s  s o l v e d .  Otherwise 
r e p e a t  t h e  procedure  u n t i l  a  s o l u t i o n  i s  found.  Then 
de te rmine  t h e  corresponding v a l u e s  of s t a g e  y and 
c r o s s  s e c t i o n a l  a r e a  A .  

S t e p  6 .  Determine Q a s  Q = AU 

The two a p p r o a c h e s ' a r e  computerized and t h e  program, i n  FORTRAN IV 
language,  i s  g iven  i n  t h e  appendix,  of Simons and S e n t u r k ,  1977. 

E i n s t e i n ' s  approach a s  i n t e r p r e t e d  by V .  Vanoni 

I t  i s  l a b o r i o u s  t o  s o l v e  t h e  problem of r e s i s t a n c e  t o  f low u s i n g  
t h e  E i n s t e i n  procedure  p r e v i o u s l y  e x p l a i n e d .  Vanoni and Brooks (1957) 
s i m p l i f i e d  t h e  s o l u t i o n  of t h e  problem b y  u s i n g  two paramete rs  

9 

u U --  see F i g u r e  6-10a and an  e x t e n s i o n  of t h i s  a n a l y s i s ,  F i g u r e  

6- lob developed b y  Simons. Th is  f i g u r e  can be  used t o  determine U;: 
withou t  t r i a l .  The E i n s t e i n  method of computation i s  i l l u s t r a t e d  i n  
Examples B and C .  

E v a l u a t i n g  R e s i s t a n c e  t o  Flow by A d j u s t i n g  Depth o f  Flow 

I t  was v e r i f i e d  by Simons and Richardson (1966) t h a t  r e s i s t a n c e  t o  
f low and mean v e l o c i t y  can b e  e s t i m a t e d  by u s i n g  s l o p e  o r  dep th  a d j u s t -  
ments. The d e p t h  ad jus tment  t a k e s  i n t o  account  t h e  energy d i s s i p a t i o n  
r e s u l t i n g  from t h e  form roughness and p o s s i b l e  e r r o r s  i n  d e p t h  measure- 
ments r e s u l t i n g  from i n c l u s i o n  of t h e  s e p a r a t i o n  zones downstream from 
r i p p l e s  and dunes i n  t h e  t o t a l  c r o s s - s e c t i o n a l  a r e a  of f low.  







More s p e c i f i c a l l y ,  t h e  measured dep th  of f low i n c l u d e s  p a r t  of t h e  
s e p a r a t i o n  zones downstream from r i p p l e s  and dunes.  T h i s  p a r t  of t h e  
c r o s s  s e c t i o n  does n o t  e f f e c t i v e l y  convey t h e  water-sediment  m i x t u r e .  
To v e r i f y  t h i s  concept  t h e  roughness e lements  and t h e i r  a s s o c i a t e d  
s e p a r a t i o n  zones immediately downstream o f  r i p p l e s  and dunes were 
observed ,  measured and photographed. A d d i t i o n a l l y ,  much a t t e n t i o n  was 
g iven  t o  t h e  f low p a t t e r n  over  t h e  i n d i v i d u a l  roughness  e l e m e n t s .  For  
example, downstream from t h e  c r e s t  of each r i p p l e  and dune i s  a  s e p a r a -  
t i o n  zone i n  which a  p a r t  of t h e  f l u i d  r o t a t e s  a b o u t  a  h o r i z o n t a l  a x i s  
which p a s s e s  th rough  t h e  mass of f l u i d  w i t h i n  t h e  zone of s e p a r a t i o n ,  
a s  i s  shown i n  F i g u r e  6-11. 

Water surface 

F i g u r e  6-11. Ske tch  showing t h e  f low p a t t e r n  o v e r  two-dimensional 
r i p p l e s  o r  dunes ,  e f f e c t i v e  dep th  (de) and e f f e c t i v e  
v e l o c i t y  (U = q/de) . 

e  

By c a r e f u l  measuremmt,  it was determined t h a t  t h e  l e n g t h  of t h e s e  
s e p a r a t i o n  zones observed downstream from b a f f l e s  p l a c e d  i n  a  wind 
t u n n e l  (Nagabhushanaiah, 1961) .  These l e n g t h s  were approxinia te ly  10-12 
t imes  t h e  ampl i tude  of t h e  roughness e lement  measured from t r o u g h  t o  
c r e s t .  A s t u d y  of t h e s e  s e p a r a t i o n  zones sugges ted  t h a t  average  
v e l o c i t y  based on Q/A  and average d e p t h  based on  t h e  average  d i s t a n c e  
from t h e  w a t e r  s u r f a c e  t o  t h e  bed s u r f a c e  a r e  pe rhaps  m i s l e a d i n g .  An 
e f f e c t i v e  d e p t h  (de) reduced t o  compensate f o r  t h e  zones  o f  s e p a r a t i o n ,  
and a n  e f f e c t i v e  v e l o c i t y  may be d e f i n e d  cor responding ly  by a p p l y i n g  t h e  
p r i n c i p l e  o f  c o n t i n u i t y .  The concept  of a n  e f f e c t i v e  v e l o c i t y  and d e p t h  
i s  f u r t h e r  c l a r i f i e d  by F igure  6-11 from which it can  be s e e n  t h a t  t h e  
e f f e c t i v e  d e p t h ,  

and t h e  e f f e c t i v e  v e l o c i t y  Ue = q/de.  

The e f f e c t i v e  d e p t h  given i n  Equa t ion  6-82 can be  approximated i n  
f lumes by mapping t h e  form roughness .  T h i s  can be  accomplished u s i n g  
s o n i c  equipment and e j e c t i n g  dye i n t o  t h e  f low t o  d e f i n e  t h e  l i m i t s  of  
t h e  s e p a r a t i o n  zone.  Knowing e f f e c t i v e  d e p t h  and v e l o c i t y ,  t h e  average  

% v e l o c i t y  i n  t h e  channel  can b e  determined from c o n t i n u i t y .  



This  procedure  i s  d i f f i c u l t  t o  u t i l i z e .  I n  a d d i t i o n ,  e f f e c t i v e  d e p t h  
and v e l o c i t y  do n o t  c o n s i d e r  t h e  i n c r e a s e  i n  energy d i s s i p a t i o n  
r e s u l t i n g  from t h e  form roughness.  T h e r e f o r e ,  i n  t h e  n e x t  s e c t i o n s  a n  
a d j u s t e d  dep th  ( d l )  o r  h y d r a u l i c  r a d i u s  ( R ' )  and v e l o c i t y  ( U ' )  a r e  
d e f i n e d  t h a t  t a k e  b o t h  f a c t o r s  i n t o  account .  

Adjus t ing  Depth t o  Smooth Boundary Roughness 

The ad jus tment  of dep th  o r  h y d r a u l i c  r a d i u s  could  b e  made r e l a t i v e  
t o  t h e  dep th  o r  h y d r a u l i c  r a d i u s  a s s o c i a t e d  w i t h  a n  average  g r a i n  
roughness of a n  a l l u v i a l  sand bed . o r  t o  o t h e r  b a s i c  r e s i s t a n c e  c u r v e s  
(Simons and Richardson,  1966) .  However, t h e  most g e n e r a l  c o r r e c t i o n  
would be accomplished by c o r r e c t i n g  d a t a  f o r  h y d r a u l i c a l l y  rough 
channe l s ,  b o t h  r i g i d  and a l l u v i a l ,  t o  f i t  a r i g i d - c h a n n e l  h y d r a u l i c a l l y  
smooth boundary r e l a t i o n  such a s  t h e  one p r e s e n t e d  by Tracy and L e s t e r  
(1961) .  T h e i r  e q u a t i o n  can be w r i t t e n  a s  

R  
c/& = 5.75 l o g  & + 2 . 3 8  

where c/& i s  t h e  Chezy d i s c h a r g e  c o e f f i c i e n t  f o r  h y d r a u l i c a l l y  smooth 
r i g i d  open channe l s ,  Re i s  t h e  Reynolds number, UR/n, which becomes 
Ud/n f o r  wide channe l s  where s i d e w a l l  e f f e c t s  a r e  n e g l i g i b l e .  

Equa t ion  6-84 i n d i c a t e s  t h a t  t h e  d i s c h a r g e  c o e f f i c i e n t  i s  a  
f u n c t i o n  of d e p t h ,  s lope .  and t empera tu re  

where d '  i s  t h e  e q u i v a l e n t  smooth-channe l .dep th  based on t h e  same 
s l o p e ,  sS  i s  t h e  d i s c h a r g e ,  and T  i s  t h e  t empera tu re  o f  t h e  f low i n  
degrees  F a h r e n h e i t .  Simons and Richardson (1966) found t h a t  

d: s1l3 
8 - 4  'log 3.52  - 1.415 l o g  T  + 4.1321 

To develop a g e n e r a l  method of a d j u s t i n g  t h e  h y d r a u l i c  r a d i u s  of a  
p a r t i c u l a r  run  t o  t h e  smooth-boundary r e l a t i o n ,  f i r s t  assume t h a t  t h e  
change i n  t h e  we t ted  p e r i m e t e r  P i s  i n c o r p o r a t e d  i n t o  t h e  a d j u s t e d  
h y d r a u l i c  r a d i u s .  Then, from t h e  c o n t i n u i t y  e q u a t i o n  

Q = AU = A ' U '  (6-87) 



- 
The Ch&y formula f o r  smooth boundary o r  e q u i v a l e n t  f low i s  

S o l v i n g  Equa t ions  6-88 and 6-89 s imul taneous ly  f o r  R k ,  

The c o r r e c t i o n  t o  t h e  h y d r a u l i c  r a d i u s  AR r e q u i r e d  t o  p l o t  a  
p a r t i c u l a r  run  on t h e  smooth boundary r e l a t i o n  i s  

o r  f o r  channel  c o n d i t i o n s  such t h a t  R Z d ,  

h Values o f  AR o r  Ad can be computed u s i n g  Equa t ions  6-91 o r  Equa t ion  
6-92 and from t h e s e  v a l u e s  AR v e r s u s  R o r  Ad v e r s u s  d  r e l a t i o n s  
can be developed.  Also t h e  r a t i o  of Ad/d o r  AR/R can be  computed 
and r e l a t i o n s  developed r e l a t i n g  C ,  R, and Ad/d o r  AR/R,  where 

I t  i s  t h e n  p o s s i b l e  t o  use  t h e  Ad v e r s u s  d  o r  AR v e r s u s  R 
r e l a t i o n  and t h e  new r e s i s t a n c e  diagram t o  e s t a b l i s h  a v e r a g e  v e l o c i t y  
f o r  a  g iven  boundary roughness .  These r e l a t i o n s  and concep t s  w i l l  be  
developed and d i s c u s s e d  f o r  v a r i o u s  boundary roughness i n  t h e  f o l l o w i n g  
s e c t i o n s .  

E v a l u a t i n g  R e s i s t a n c e  t o  Flow i n  Open Channels w i t h  F l a t  Bed by 
A d j u s t i n g  Depth o f  Flow 

The r e s i s t a n c e  t o  f low i n  open channe l s  w i t h  r i g i d  boundar ies  o r  o f  
p l a n e  movable boundar ies  formed o f  g r a v e l  and /or  cobb le  bed was e v a l -  
ua ted  by a d j u s t i n g  dep th  of f low t o  smooth boundary roughness .  Using 
t h e  d a t a  o b t a i n e d  from d i f f e r e n t  s o u r c e s  f o r  v a r i o u s  boundary roughness ,  
t h e  r e l a t i o n s  between Ad and d  f o r  each of t h e  f a m i l i e s  o f  boundary 
roughness and r e s i s t a n c e  diagrams r e l a t i n g  c / Jg ,  R,- = U.,-d/v and Ad/d 
a r e  p r e p a r e d  a s  o u t l i n e d  i n  t h e  p reced ing  s e c t i o n .    he i n f o r m a t i o n  and 
r e s u l t s  a r e  summarized i n  Tab le  6-13. More d e t a i l s  can be  found f r o ~ n  

4 Simons and R i c h a r d ' s  (1966, 1971) works. 



Table  6-13. R e s i s t a n c e  f u n c t i o n s  i n  open channe l s  of f l a t  bed by I 

a d j u s t i n g  dep th  of f lows .  

c/&, qs: 
Boundary Ad - d and A v d  

Roughness Source of Data R e l a t i o n s h i p  R e l a t i o n s h i p  

B a f f l e  and cube Sayer  and Alber t son  F i g .  6-12 F i g .  6-13 
(1963) (Flume) 

B a f f l e  and cube Koloseus and Davidian F i g .  6-12 F i g .  6-14 
(1961) (Flume) 

Gravel  and cobb les  Kharrufa  (1962) (Flume) F i g .  6-15 F i g .  6-16 
(B rock - 4" diam 
H rock - 2" diam) 

Natura l  Lane and Car l son  (1953) F i g .  6-17 F i g .  6-18 
cobbles  (+<) ( I r r i g a t i o n a l  c a n a l s  i n  
(wi th  2", 1 .5I t ,  t h e  San L u i s  V a l l e y ,  
d iamete r s )  Colorado) 

Na tura l  g r a v e l  . Gravel  and cobble  F i g .  6-19 F i g .  6-20 
and cobble  bed bed r i v e r s  

Concrete Large c o n c r e t e  l i n e d  F i g .  6-21 F i g .  6-22 
channel  (7':f;) c a n a l s  

(*)The r e s i s t a n c e  r e l a t i o n  ho lds  a s  long  a s  t h e  bed m a t e r i a l  is  s t a b l e .  
If a  l a r g e  d i s c h a r g e  i s  tu rned  i n t o  any of t h e s e  c a n a l s ,  a  boundary 
s h e a r  could develop t h a t  would cause  ' s i g n i f i c a n t ; '  movement of bed 
m a t e r i a l  and r e s u l t  i n  a  l i t t l e  c o a r s e r  bed m a t e r i a l  th rough  t r a n s -  
p o r t a t i o n  o f  some-of t h e  smal l  p a r t i c l e s  and movement o f  l a r g e  
roughness e lements  i n t o  new p o s i t i o n s .  Also ,  a  dune-bed c o n f i g u r a -  
t i o n  may develop t h a t  would be r e s i d u a l  a t  lower d i s c h a r g e s .  I n  t h i s  
c a s e ,  t h e  s p e c i f i c  r e l a t i o n s  a r e  no longer  v a l i d .  

('*)These r e s i s t a n c e  r e l a t i o n s  may be used t o  d e s i g n  l i n e d  c o n c r e t e  
channe l s .  

E v a l u a t i n g  R e s i s t a n c e  t o  Flow i n  A l l u v i a l  Sand Channels by A d j u s t i n g  
Depth o f  Flow 

Sand-bed roughness i s  much more complex t h a n  t h e  b a f f l e ,  cube and 
rock roughness because  sand-bed roughness i s  a  f u n c t i o n  of f low.  A 
s m a l l  change i n  any v a r i a b l e  a f f e c t i n g  t h e  form of bed roughness w i l l  
cause  a  change i n  t h e  bed roughness and t h e  r e s i s t a n c e  t o  f low.  
However, AR v e r s u s  R o r  Ad v e r s u s  d  r e l a t i o n s  can be  developed 
f o r  each s p e c i f i c  bed form shown i n  F i g u r e  6-23. 

For t h e  8 - f t  flume d a t a ,  d  E R ,  and t h e  r e l a t i o n s  p r e s e n t e d  a r e  i n  
terms of Ad and d .  . A s  can be seen i n  Equa t ion  6-85,  C& and hence,  
Ad f o r  a  c o n s t a n t  q  a r e  a f u n c t i o n  o f  t h e  s l o p e  and dep th  o f  t h e  
channel .  Also ,  Ad i s  more s t r o n g l y  dependent on s l o p e  when t h e  bed . 
form i s  dunes i n  t h e  c o a r s e  sands .  



Figure 6-12. Depth adjustment (Ad) for baffle and cube roughness elements. E~ refers to Sayre and 
Albertson's (1961) roughness coefficient, and .z4 refers to Koloseus and Davidian's 
roughness coefficient (after Simons and Richardson, 1966). 



REYNOLDS NUMBER R* r l ( i 4  (Q = ~ d / v )  

F i g u r e  6-13. R e s i s t a n c e  diagram r e l a t i n g  c/&, R+, and M / d  
f o r  t h e  b a f f l e  roughness ( d a t a  from Sayre  and 
Alber t son ,  1 9 6 3 ) ( a f t e r  Simons and Richardson,  1966) 

F i g u r e  6-14. R e s i s t a n c e  diagram r e l a t i n g  c/&, R,, and Ad/d f o r  , 

rock  roughness of Kharrufa  ( 1 9 6 2 ) ( a f t e r  Sirnons and 
Ri-chardson, 1966) .  



DEPTH (d)  IN FEET 

F i g u r e  6-15.  R e l a t i o n  between dep th  ad jus tment  (Ad) and d f o r  rock 
roughness  i n  a f lume. B and H rock roughness of 
Kharrufa  (1962).  Slope ranged from 0.001 t o  0.09 f o o t  
p e r  f o o t  ( a f t e r  Simons and Richardson,  1966) .  

4 F i g u r e  6-16.  R e s i s t a n c e  diagram r e l a t i n g  c/&, I$, and Ad/d f o r  
rock  roughness o f  Kharrufa  ( 1 3 6 2 ) ( a f t e r  Simons and 
Richardson,  1966) .  



DEPTH ( d )  IN FEET 

F i g u r e  6-17. R e l a t i o n  between depth  ad jus tment  (M) and d e p t h  d  f o r  
t h e  San Luis  Va l ley ,  Colorado,  c a n a l s  w i t h  cobble  roughness 
(Lane and Car l son ,  1953).  The t h i r d  v a r i a b l e  i s  median 
d i a  t e r  of t h e  bed m a t e r i a l ,  i n  i n c h e s  ( a f t e r  Simons and 
R i c  -iP ardson ,  1966)., 

REYNOLDS' NUMBER R,X IR,=u,~/v ) 

F i g u r e  6-18>. R e s i s t a n c e  diagram r e l a t i n g  c/&, qv, and Ad/d f o r  
t h e  San L u i s  V a l l e y ,  Colorado, c a n a l s  w i t h  cobb le  
roughness ( a f t e r  Simons and Richardson,  1966).  



F i g u r e  6-19. R e l a t i o n  between dep th  c o r r e c t i o n ,  Ad, and average  
d e p t h ,  d  ( a f t e r  Simons and Richardson,  1971) .  

F i g u r e  6-20. R e s i s t a n c e  diagram r e l a t i n g  c \, and Ad/d 
( a f t e r  Simons and Richardson,  1971) .  
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Figure  6-21. Re la t ion  between t h e  roughness f a c t o r  Ad, and t h e  depth  d f o r  curved reaches 
of a l l  t h e  cana l s  ( a f t e r  Sin~ons and Richardson, 1971) .  
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2 Figure 6-22. Resistance diagram relating c/&, % and Ad/d x 10 for all the canals 
(after Simons and Richardson, 1971). 



Lower flow regime bed flows. Transition, ripples to dunes. Lower flow regime, transition 
from dunes to plane bed. 

Figure 6-23. Forms of bed roughness in sand channels. 



The Ad v e r s u s  d  r e l a t i o n s  f o r  plane-bed r u n s  made i n  t h e  8 - f t  
wide flume of Colorado S t a t e  U n i v e r s i t y  u s i n g  0 .19  mm s a n d ,  f o r  r i p p l e -  
bed r u n s  u s i n g  0.19 m m ,  0 .27  nun, and 0 . 4 5  rnrn s and ,  and f o r  dune-bed runs  
u s i n g  0.19 mm, 0 .27  mm, 0 .45  mm, and 0 . 9 3  mm sand ,  a r e  g i v e n  i n  F i g u r e s  
6-24,  6-25 and 6-26 r e s p e c t i v e l y .  I n  t h e s e  r e l a t i o n s ,  Ad i s  computed 
u s i n g  Equa t ions  6-86 and 6-92. A s i m i l a r  r e l a t i o n  u s i n g  s l o p e  a s  t h e  
a b s c i s s a  f o r  p l o t t i n g  an t idune  flow i s  g iven  i n  F i g u r e  6-27. S i m i l a r  
r e l a t i o n s  f o r  t h e  o t h e r  forms of  bed roughness and o t h e r  bed m a t e r i a l s  
can be  developed.  

Although t h e  r e s i s t a n c e  diagram f o r  t h e  flume d a t a  could  b e  more 
p r e c i s e  i f  s e p a r a t e  diagrams were made f o r  each  form roughness  and s i z e  
of bed m a t e r i a l ,  o n l y  one diagram has  been p repared  ( s e e  F i g u r e  6 -28) .  
Th i s  diagram r e l a t e s  c/&, %, and Ad/d f o r  a l l  t h e  r i p p l e  and dune 
flume d a t a  c o l l e c t e d  by Simons and Richardson (1966) a t  CSU. To show 
t h e  p o s s i b i l i t i e s  of u s i n g  t h i s  p rocedure  t o  e s t i m a t e  t h e  average  
v e l o c i t y  i n  sand-bed c a n a l s ,  t h e  f o r e g o i n g  a n a l y s i s  was a p p l i e d  t o  t h e  
Punjab c a n a l  d a t a  r e p o r t e d  by Simons (1957) and P a k i s t a n  c a n a l  d a t a  
r e p o r t e d  by Harza Engineer ing Co. ,  I n t e r n a t i o n a l  (1963) .  R e l a t i o n s  
based on t h e s e  d a t a  were p repared  i n  terms o f  t h e  h y d r a u l i c  r a d i u s ,  
a l t h o u g h  t h e  r e l a t i o n s  would be e q u a l l y  v a l i d  i f  expressed  i n  terms o f  
dep th  and a  d e p t h  c o r r e c t i o n .  

F i g u r e  6-29 p r e s e n t s  t h e  AR v e r s u s  R r e l a t i o n  f o r  P a k i s t a n  
c a n a l s ,  which,  accord ing  t o  t h e  r e l a t i o n s h i p  g iven  i n  F i g u r e  6-30,  have 
a  dune-bed roughness .  The s l o p e  i n  t h e  c a n a l s  i s  a  v e r y  s i g n i f i c a n t  
t h i r d  v a r i a b l e .  The accompanying r e s i s t a n c e  r e l a t i o n  f o r  t h e  P a k i s t a n  
c a n a l s  i s  p r e s e n t e d  i n  F i g u r e  6-31. 

Fol lowing an  i d e n t i c a l  p rocedure ,  t h e  AR v e r s u s  R r e l a t i o n  f o r  
t h e  P a k i s t a n  c a n a l s  i s  p r e s e n t e d  i n  F i g u r e  6-32 and t h e  r e s i s t a n c e  
diagram i s  g iven  i n  F i g u r e  6-33.  

S i m i l a r  r e l a t i o n s  were t e s t e d  f o r  f i e l d  c o n d i t i o n s  u s i n g  
r i v e r - c h a n n e l  d a t a .  Very good r e s u l t s  were o b t a i n e d  f o r  channe l s  hav ing  
t h e  same p a t t e r n  th roughout  t h a t  i s ,  dunes ,  p l a n e  bed,  o r  a n t i d u n e s .  
However, i f  m u l t i p l e  roughness p a t t e r n s ,  t r a n s i t i o n a l  forms o f  roughness 
and oth'er c o m p l i c a t i n g  f a c t o r s  o c c u r ,  such  a s  a  b r a i d e d  s t r e a m ,  t h e  
accuracy  o f  t h e  method i s  g r e a t l y  reduced u n l e s s  each segment o f  channel  
wid th  f o r  which a  p a r t i c u l a r  bed form e x i s t s  i s  c o n s i d e r e d .  

De te rmina t ion  o f  Averaee V e l o c i t v  of Flow 

The p r e c e d i n g  r e l a t i o n s  and e q u a t i o n s  o f f e r  two methods of 
e s t i m a t i n g  v e l o c i t y  by u s i n g  t h e  a p p r o p r i a t e  Ad v e r s u s  d  o r  AR 
v e r s u s  R r e l a t i o n s ,  e q u a t i o n s ,  and r e s i s t a n c e  d iagrams .  The pro-  
cedures  a r e  o u t l i n e d  i n  t h e  fo l lowing  paragraphs .  

I t  i s  assumed t h a t  t h e  dep th  o r  h y d r a u l i c  r a d i u s  i s  known o r  can  be  
determined from d v e r s u s  Q and R v e r s u s  Q r e l a t i o n s  (Simons, 
1957), t h a t  t h e  s l o p e  i s  known o r  can be  assumed on t h e  b a s i s  of 1i.mits 
s e t  by t h e  Ad v e r s u s  d r e l a t i o n s ,  and t h a t  t h e  form o r  roughness  
i s  known ( r i g i d  o r  a l l u v i a l ) .  I f  t h e  boundary i s  a l l u v i a l ,  t h e  median 



DEPTH ( d )  IN FEET 

F i g u r e  6-24. R e l a t i o n  between dep th  ad jus tment  (Ad), d e p t h  (d ) ,  and 
4  

s l o p e  (S x 10 ) f o r  p l a n e .  sand bed i n  DS0 = 0.19 rnm 
( a f t e r  Simons and Richardson,  1966)(*). 

DEPTH ( d )  IN FEET 

F i g u r e  6-25. R e l a t i o n  between dep th  ad jus tment  (Ad), d e p t h  ( d ) ,  and 
4 

s l o p e  (S x 10 ) f o r  t h e  r ipp le -bed  c o n f i g u r a t i o n  i n  
sands  w i t h  DS0 = 0.19 mm, 0 .27 mm, and 0 .45 nm ( a f t e r  

Simons and Richardson,  1966) ., 
4  

(*)Numbers b e s i d e  t h e  d o t s  deno te  s l o p e ,  S  x 10 . 



DEPTH ( d )  IN FEET 

F i g u r e  6-26. R e l a t i o n  between dep th  ad jus tment  (Ad), d e p t h  ( d ) ,  and 
4  s l o p e  (S x 10 ) f o r  t h e  dune-bed c o n f i g u r a t i o n  i n  sands  

w i t h  DS0 = 0.19 mm, 0.27 mm, 0 .45  m m ,  and 0 .93 mn ( a f t e r  

Simons and Richardson,  1966) .  (Number b e s i d e  t h e  d o t s  
4  deno tes  s l o p e  S x 10 .)  



Figure  6-27. R e l a t i o n  between dep th  ad jus tment  (ad)  , d e p t h  (d) , and 
2 

s l o p e  (SxlO ) f o r  a n t i d u n e  f low i n  sand w i t h  D = 0 . 2 7  rnm 
( a f t e r  Simons and Richardson,  1966) .  

5 0  
2  

(Numbers b e s i d e  t h e  d o t s  deno te  s l o p e  SxlO ) .  

F i g u r e  6-28. R e s i s t a n c e  diagram r e l a t i n g  c/&, R+, and Ad/d f o r  
r i p p l e s  and dunes .  Data f o r  sands  0 .19 nun, 0.27 m m ,  
0 .45  m m ,  and 0 .93  mm i n  t h e  8 - f t  wide fl.ume ( a f t e r  
Simons and Richardson,  1966) .  



HYDRAUL lC RADIUS ( R ) ,  IN FEET 

~ i g u r e  6-29. R e l a t i o n  between t h e  h y d r a u l i c - r a d i u s  ad jus tment  
4 ( A R ) ,  and s l o p e  (S x 10 ) f o r  Punjab c a n a l s  (Simons, 

1 9 5 7 ) ( a f t e r  Sirnons and Richardson,  1966) .  



MEDIAN FALL DIAMETER IN MlLLlMET ERS 

Figure 6-30. Relation of bed form to stream power and median 
fall diameter of bed sediment (after Simons and 
Richardson, 1966). 



Figure 6-31. Resistance diagram relating c/&, F$;, and AR/R 
for Punjab canals (Simons, 1957)(after Simons and 
Richardson, 1966). 

HYDRAULI': RADIUS (R) IN FEET 

Figure 6-32. Relation between the hydraulic-radius adjustmgnt 
(AR), hydraulic radius (R), and slope (S x 10 ) for 
Pakistan canals (Harza Engineering Co., Internat., 
1963)(after Simons and Richardson, 1966). 



Figure 6-33. Resistance diagram relating c/&, R+, and AR/R for 
Pakistan canals (Harza Engineering Co., Internat., 
1963)(after Simons and Richardson, 1966). 



4 

f a l l  diameter of t h e  bed ma te r i a l  D50 must a l s o  be known. For  many 
channels only an  e s t ima te  of D50 

i s  poss ib l e  b u t  t h i s  i s  u sua l ly '  
adequate .  

I n  t h e  f i r s t  method, i f  t h e  depth d  o r  hydraul ic  r ad ius  R ,  t h e  
s lope  S ,  and t h e  temperature a r e  known o r  assumed, AR o r  Ad can be  
determined from t h e  appropr ia te  r e l a t i o n .  Then c/& can be computed 
us ing  Equations 6-84 o r  6-86. Knowing c/&, Equation 6-8 can be used 
t o  compute U ' ,  and U determined from Equation 6-88. 

The second method of determining U ,  i n  t he  knowledge of d  o r  R 
and of S i s  assumed, i s  a s  fol lows:  

1. Read Ad o r  AR d i r e c t l y  from t h e  appropr i a t e  Ad versus  d  
o r  AR versus R r e l a t i o n ,  i n  which s lope  may be a  s i g n i f i -  
can t  t h i r d  v a r i a b l e .  

Having determined a  depth adjustment and knowing the  
corresponding values of S ,  d ,  o r  R ,  form roughness,  and 
s i z e  of bed ma te r i a l  when dea l ing  wi th  a l l u v i a l  channels:  

A .  Compute Ad/d o r  AR/R; 
B .  Compute R , = U + c d / ~  
C .  Enter  t h e  "appropr ia te  c/&, R, r e l a t i o n  i n  which Adld 

o r  AR/R i s  t he  t h i r d  v a r i a b l e ,  and read t h e  va lue  of 
c/& corresponding t o  t h e  va lues  of bi and AR/R o r  
Ad/d . 

3 .  Compute t h e  average v e l o c i t y  from t h e  r e l a t i o n  U = c/& m, 
us ing  d  = R where app ropr i a t e .  

When determining t h e  average v e l o c i t y  i n  a  sand-bed channel,  
f o r  which it has been necessary t o  assume a  form of bed roughness 
p r i o r  t o  t h e  determinat ion of Ad o r  AR, it i s  necessary  t o  
compute the stream power, T ~ U .  Then wi th  D50 e n t e r  F igure  6-30 

o r  some s i m i l a r  r e l a t i o n  t o  determine 'whether t h e  p re se l ec t ed  
roughness w i l l  occur .  To conform wi th  t h e  s e l e c t e d  bed roughness, 
it may be necessary t o  make another  t r i a l  computation using a  
d i f f e r e n t  s lope  and/or depth.  For t he  des ign  of a  s t a b l e  sand-bed 
cana l ,  t h e  bed ma te r i a l  d i scharge  i s  computed and compared wi th  t h e  
des i r ed  bed-mater ial  d i scharge .  I f  they a r e  no t  approximately 
equa l ,  t he  design s h o ~ l d  be modified by changing s lope  and/or depth 
without  changing t h e  form of bed roughness. 

Example B 

Determine t h e  hydraul ic  rad ius  and depth of flow which t akes  p l ace  
i n  a  r ec t angu la r  flume 2.4 m ( 8  f t )  wide us ing  Simons and Richardson's  
method when U = 1.012 m/sec. 

Data: D35 = 0.37 mm, D 0.45 m m ,  D65 = 0.53  mm,  D85 = 0.70 m, 
-6 2  50 

4 
2 S = 0.00301, n  = 1 . 0 3 ~ 1 0  m / s ec  ( 0 . 1 1 x 1 0 - ~  f t  i s e c ) ,  w., = .060 m/sec, 

2  J U 

g = 9.805 m/sec , q; = 1.68 ~ / m ~  and w = 0.076 m/sec. 
65 



S o l u t i o n :  

1. Assume t h e  bed form i s  dunes.  

2 .  Assume d = 1 . 2 7  f t  ( t o  s e l e c t  a n  i n i t i a l  v a l u e  a  regime t y p e  
r e l a t i o n  d  = f (Q)  may be u t i l i z e d  ( s e e  Appendix 6A). 

3 .  Using F i g u r e  6-26 determine Ad e q u a l  t o  0 .70 and Adld e q u a l  
t o  0.58.  

4 .  Using F i g u r e  6-28 determine c/& 

5 .  Determine U a s  

6 .  Repeat t h e  same s t e p s  u s i n g  d i f f e r e n t  d  w h i l e  
'cornp i s  approximately  e q u a l  t o  1 .012.  Th is  v a l u e  of d  is  e q u a l  t o  ( y t )  

7 .  Determine XU a s  

8. Using F i g u r e  6-30 v e r i f y  t h a t  t h e  bed form f o r  t h e s e  f low 
c o n d i t i o n s  i s  dunes n e a r  t h e  t r a n s i t i o n  r e g i o n .  Tha t  i s ,  w i t h  a  s l i g h t  
i n c r e a s e  i n  s t ream power t h e  bed form would change from dunes t o  a  
t r a n s i t i o n  c o n d i t i o n  between dunes on p l a n e  bed.  Hence, a d o p t i o n  o f  t h e  
above d e s i g n  v a l u e s  e n t a i l s  some r i s k  and a  new d e s i g n  map be  determined 
t h a t  avo ids  t h e  f o r e g o i n g  problem. 

Freeboard 

Values of f r e e b o a r d  suggested f o r  channel  d e s i g n  a r e  l i s t e d  i n  
Table  6-14 and F i g u r e  6-34. 

Manning Roughness C o e f f i c i e n t  f o r  N a t u r a l  Sand-Bed Sediment 

Most h y d r a u l i c  e n g i n e e r s  a r e  used t o  working w i t h  t h e  Manning n .  
U n f o r t u n a t e l y ,  when d e a l i n g  wi th  n a t u r a l  sand-bed s t r e a m s ,  many 
e n g i n e e r s  s e l e c t  a  Manning n  t h a t  i s  v a l i d  f o r  low f low b u t  t o o  l a r g e  
f o r  h i g h  f low.  They do n o t  r e a l i z e  t h e  f a c t  t h a t  t h e  bed form p l a n e s  
o u t  a t  h i g h  f lows w i t h  a  subsequent  s i g n i f i c a n t  d e c r e a s e  i n  Nanning 's  
n .  Observa t ions  by Simons and Richardson (1966) on n a t u r a l  sand-bed . 
(;:)In t h i s  example c/& - 9 ,  U - 3 . 2  f t l s e c  and Adjd = 0.53.  
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Figure  6-35. Decrease i n  Manning's n with d ischarge  f o r  t h e  Padma 
River  i n  Bangladesh. 
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Figure 6 - 3 6 .  Stage d ischarge  r e l a t i o n  f o r  t h e  Brahmaputra River  a t  
S i r a j  ganj , Bangladesh. 
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Table  6-14. Freeboard f o r  man-made channe l s .  

Freeboard 
f t  cm 

1. Lined Channels 

Main channel  0 .49 15 
Secondary channel  0 .39 12 
D i s t r i b u t a r y  0 .16 5 
E leva ted  flume 0.16 5 

2 .  E a r t h  Canals  

Main f l o o d  channel  ( r u r a l )  2 .46  75 
Main f l o o d  channel  ( r e s i d e n t i a l  a r e a )  3.28100 
Drainage channel  0 .49 15 
T o r r e n t i a l  channe l  3.28100 

s t reams  w i t h  bed m a t e r i a l  having a median d iamete r  rang ing  from 0 . 0 1  mm 
t o  0 . 4  mm i n d i c a t e  t h a t  t h e  bed p l a n e s  o u t  and r e s i s t a n c e  t o  f low may 
decrease  whenever l a r g e  flow o c c u r s .  Manning's n can change from 
v a l u e s  a s  l a r g e  a s  0 .05 a t  low flow t o  a s  s m a l l  a s  0.012 a t  h i g h  f low.  
Other  h y d r a u l i c  e n g i n e e r s  have a l s o  s u b s t a n t i a t e d  t h e  s m a l l  v a l u e  of 
Manning's n f o r  r i v e r s  and c a n a l s  when f lowing  i n  upper regime. 

Dawdy (1961) based upon t h e  f i n d i n g s  of Simons and Richardson 
(1966) found t h a t  t h e  bed form changed from dunes t o  p l a n e  i n  many 
sand-bed s t reams  of t h e  southwest  Uni ted S t a t e s .  Colby (1960) showed 
t h a t  a s i m i l a r  phenomena occur red  on t h e  s t reams  of n o r t h e r n  
M i s s i s s i p p i .  The change occurs  on t h e  Missour i  R iver  and t h e  
P l i s s i s s i p p i  R iver  e i t h e r  a s  a r e s u l t  of change i n  t empera tu re  o r  when 
high f lows occur .  With a dune bed form, t h e  r e a c h  of t h e  Missour i  R i v e r  
near  Omaha, Nebraska,  has  a Manning n o f  0 .020,  and w i t h  a p l a n e  bed 
t h e  same reach  has  a Manning n of 0 .015 (Corps of E n g i n e e r s ,  1968) .  
I n  b o t h  c a s e s  d i s c h a r g e  f o r  t h e  Missour i  R i v e r  was t h e  same (abou t  
33,000 c f s )  b u t  t h e r e  was 20°F t o  30°F d e c r e a s e  i n  wa te r  t empera tu re .  
Beckman and Furness  (1962) r e p o r t e d  Manning's n a s  l a r g e  a s  0 .031 f o r  
low flow and a s  s m a l l  a s  0.016 f o r  h i g h  f low on t h e  Elkhorn R i v e r  i n  
Nebraska. 

Many r i v e r s  and c a n a l s  i n  Bangladesh and P a k i s t a n  s h i f t  from dunes 
t o  p l a n e  w i t h  a c o n s e q u e n t i a l  r e d u c t i o n  i n  Manning's n .  I n  F i g u r e  6-21 
t h e  change t h a t  o c c u r s  i n  t h e  Manning n w i t h  d i s c h a r g e  is  i l l u s t r a t e d  
f o r  t h e  Padma R i v e r  i n  Bangladesh.  T h i s  d e c r e a s e  i n  n occur red  a s  t h e  
dunes i n  t h e  r i v e r  changed t o  p l a n e  bed a s  d i s c h a r g e  i n c r e a s e d .  The 
Hydrologic D i r e c t o r a t e  of t h e  E a s t  P a k i s t a n  (now Bangladesh) Water and 
Power Development Author i ty  ( p e r s o n a l  communication) found t h e  v a l u e  f o r  
Mannin'g's n f o r  h i g h  flows on t h e  Brahmaputra River  i n  Bangladesh t o  
be 0 .017.  The e f f e c t  of t h i s  v a l u e  of Manning's n of the '  s t a g e  d i s -  
charge r e l a t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  6-36. The median d i a m e t e r  of 
t h e  bed m a t e r i a l  f o r  t h e s e  Bangladesh r i v e r s  i s  f i n e  sand (abou t  0.015 
mm). Sand bed-streams . i n  E a s t e r n  Venezuala t h a t  Simons has  s t u d i e d  i n  
coopera t ion  w i t h  t h e  M i n i s t r y  of P u b l i c  Works (MOP) a l s o  sh ' i f t ed  from 
l a r g e  v a l u e s  of Manning's n a t  low f lows t o  s m a l l  v a l u e s  o f  Manning's  \ 

n a t  h i g h  f lows .  



Summary 

E v a l u a t i n g  t h e  r e s i s t a n c e  t o  f low of a  movable bed i s  a  v e r y  
complex problem a s  i l l u s t r a t e d  i n  p r e v i o u s  s e c t i o n s .  Researchers  have 
t r i e d  t o  s i m p l i f y  t h e  problem assuming f i r s t  t h a t  d imens ion less  pa ra -  
mete r s  w i l l  d e f i n e  t h e  phenomenon and a f t e r w a r d s  t h a t  a  s i n g l e  t y p e  o f  
bed form develops  on t h e  channel  bed.  I n  r e a l i t y ,  it i s  n e x t  t o  
imposs ib le  t o  f i n d  a  n a t u r a l  sand-bed channel  w i t h  f low c o n d i t i o n s  such 
t h a t  o n l y  one form of  bed roughness such  a s  r i p p l e s  o r  dunes form on t h e  
s t ream bed.  D i f f e r e n t  bed forms may s imul taneous ly  form and t h e i r  
r e s i s t a n c e  t o  f low i s  q u i t e  d i f f e r e n t  from t h e  r e s i s t a n c e  computed u s i n g  
many r e s i s t a n c e  fo rmulas .  To t h e  m u l t i p l i c i t y  o f  bed c o n f i g u r a t i o n s  one 
may a l s o  add t h e  t r a n s i t i o n s  which a r e  governed by d i f f e r e n t  f a c t o r s .  

I n  t h e  lower regime,  t h e  r e s i s t a n c e  t o  f low i s  l a r g e  and hence,  t h e  
f low d e p t h  i s  l a r g e  and t h e  v e l o c i t y  i s  s m a l l  f o r  a  g i v e n  d i s c h a r g e .  A s  
t h e  d i s c h a r g e  i n c r e a s e s  t h e  t r a n s i t i o n  zones a r e  encounte red .  The 
t r a n s i t i o n  from r i p p l e s  t o  dunes o r  from dunes t o  p l a n e  bed i s  
accompanied by f l u c t u a t i o n s  i n  f low c h a r a c t e r i s t i c s .  

The importance of t h e  bed forms has  been c o n s i d e r e d  i n  a l l  o f  t h e  
methods p r e s e n t e d  h e r e i n .  Engelund 's  (1967) ,  Simons and R i c h a r d s o n ' s  
(1966) ,  Richardson and Simons' (1967) and S e n t u r k ' s  (1967-1973) 
approaches  t a k e  e x p l i c i t  c a r e  of t h i s  e f f e c t ,  and t h e  o t h e r  approaches  
do i m p l i c i t l y .  

4 Among t h e  methods p r e s e n t e d  f o r  e s t i m a t i n g  t h e  r e s i s t a n c e  t o  f low 
i n  a l l u v i a l  c h a n n e l s ,  no method i s  g e n e r a l l y  a c c e p t a b l e  because  of t h e  
tremendous u n c e r t a i n t i e s  invo lved .  However, E i n s t e i n  and R a r b a r o s s a ' s  
(1952), Simons and Richardson ' s  (1966) ,  Richardson and Simons' (1967),  
Alan and Kennedy's (1969),  and Sen t i i rk ' s  (1974) approaches  have been 
v a l i d a t e d  u s i n g  l a b o r a t o r y  d a t a  and some f i e l d  d a t a .  I f  f i e l d  d a t a  
p e r t a i n i n g  t o  a  p a r t i c u l a r  problem a r e  a v a i l a b l e ,  t h e s e  methods shou ld  
b e  t e s t e d  and i f  n e c e s s a r y  modif ied p r i o r  t o  t h e i r  a p p l i c a t i o n .  

A comparison o f  v a r i o u s  formulas  has  shown t h a t  E i n s t e i n  and 
S e n t u r k ' s  approaches  g i v e  approximately  t h e  same s t a n d a r d  d e v i a t i o n  when 
a p p l i e d  t o  s t r e a m s .  However, S e n t u r k ' s  formula i s  more p r e c i s e .  I n  
a r t i f i c i a l  sand-bed c a n a l s ,  Sen t i i rk ' s  approach and Simons and 
Richardson ' s  (1966) approach g i v e  good r e s u l t s .  

6 . 5  RESISTANCE TO FLOW I N  COBBLE AND GRAVEL BED STREAMS 

General  

T r a d i t i o n a l l y  c i v i l  e n g i n e e r s  have n o t  had t o  c o n t e n t  w i t h  mountain 
r i v e r s  t o  any g r e a t  e x t e n t .  I n  r e c e n t  decades ,  though,  t h e r e  has  been 
an  i n c r e a s i n g  human involvement w i t h  upland and 'mountain r e g i o n s .  
A c t i v i t i e s  such a s  a g r i c u l t u r e ,  f o r e s t r y ,  r e c r e a t i o n ,  r e s e r v o i r  con- 
s t r u c t i o n ,  r i v e r  r e g u l a t i o n ,  and highway c o n s t r u c t i o n  have encroached 
t o  a  c o n s i d e r a b l e  degree  on t h e  upland enviroment .  Examples o f  such 

4 development i n c l u d e  t h e  t rans-Alaska o i l  p i p e l l - n e ,  t h e  K i e l d e r  scheme 
f o r  i n t e r b a s i n  t r a n s f e r s  of wa te r  i n  England, i r r i g a t i o n  c h a n n e l s , i n  
Nepal ,  and s k i  r e s o r t s  i n  Colorado. Mountain r i v e r s  have f e l t  i n c r e a s -  
i n g  impacts  o f  human a c t i v i t i e s  and have a l s o  become t h e  f o c u s  of 
e n g i n e e r i n g  p r o j e c t s  themselves .  



At present little is known about the properties of such rivers so 
their response to development can not easily be predicted. However, 
there are many examples which have shown that poor development practices 
can quickly and seriously damage the physical, chemical, and biological 
environments of these rivers through erosion, siltation, increased flood 
magnitudes, pollution, destruction of fish spawning grounds, and so on. 
Consequently there is an urgent need to develop a knowledge of mountain 
rivers and to produce methods of management which will allow both the 
prediction and minimization of the impact of human activities. 

The first step towards this goal requires that fundamental 
processes of river flow and channel adjustments be understood. The 
study that is used as an example here has been based on flume experi- 
ments and is intended to shed some light in the area of the processes of 
fluid mechanics which determine the resistance to flow in a channel. 
Quantification of the flow resistance is essential in any problem which 
requires knowledge of flow depth and velocity, such as flow routing or 
prediction of flood levels. 

A mountain river is just one of the forms assumed by rivers which 
can be generally classified as gravel-bed, cobble-bed or boulder-bed 
rivers. In this section such rivers will be called just cobble-bed 
rivers for ease of reference. This section first considers the various 
types of cobble-bed rivers and the different approaches to describing 
their flow resistance and identifies the characteristic features of 
mountain rivers. Previous studies of mountain rivers are reviewed and 
then the theoretical approach of this study is developed. The flume 
experiments are described and a flow resistance equation is derived from 
the results. Finally a brief study of sediment transport in mountain 
rivers is presented. 

Throughout this section the processes of flow are carefully 
considered. Consequently the derived equations, while inevitably semi- 
empirical in form, contain only terms which have definite physical 
meaning. 

Flow Resistance of Cobble-Bed Rivers 

The purpose of a flow resistance equation is to relate the velocity 
of flow to all the other factors which might affect that velocity. 
Three coefficients are widely used to relate velocity to all relevent 
resisitive factors. They are Manning, C h k y  and Darcy-Weisbach 
coefficients. The layer coefficient is the only one which is dimension- 
less and it is therefore used in this report. Darcy-Weisbach friction 
factor as defined for a channel cross section as follows 

where fi = 
velocity at 

- 
mean velocity of flow at the section and u: = mean shear 
the section. Shear velocity at a point is defined as 



where to 
= boundary shear  s t r e s s  a t  a  p o i n t  and p = d e n s i t y  of t h e  

f l u i d .  I n  s teady ,  uniform flow, mean shear  v e l o c i t y  i s  

where R = hydraul ic  r ad ius ,  S = t h e  energy g r a d i e n t ,  which i n  t h i s  case  
equals  t h e  channel s lope ,  and g  = a c c e l e r a t i o n  due t o  g r a v i t y  (American 
Socie ty  of C i v i l  Engineers,  1963; Henderson, 1966, p .  95) .  

The b a s i c  problem i n  flow r e s i s t a n c e  work i s  t h e  de te rmina t ion  of 
t he  r e s i s t a n c e  c o e f f i c i e n t .  Two approaches can be used b u t  n e i t h e r  i s  
y e t  completely s a t i s f a c t o r y .  

The f i r s t  approach i s  t o  a s s i g n  va lues  based on experience.  Aids 
t o  t h i s  method a r e  t a b l e s  of va lues  which have been found t o  be common 
among open channels and s e t s  of photographs of va r ious  channels a l lowing 
v i s u a l  comparisons. P o t e n t i a l  e r r o r s  of t h i s  approach were l a r g e ;  
sub jec t ive  judgement lends t o  t he  assumption t h a t  t h e  chosen c o e f f i c i e n t  
app l i e s  t o  a l l  d i scharges ,  d i s p i t e  t h e  l a r g e  changes i n  flow r e s i s t a n c e  
which a c t u a l l y  occur a s  t he  d ischarge  v a r i e s .  

4 I n  t h e  second approach t h e  c o e f f i c i e n t  i s  c a l c u l a t e d  by some 
equat ion  based on a  t h e o r e t i c a l  d e s c r i p t i o n  of t h e  r e l e v a n t  process  of 
flow. The p o t e n t i a l  f o r  accuracy i s  g r e a t e r  b u t  t h e  method i s ,  
i n e v i t a b l y  more complex. A t  t h e  p re sen t  only simple flows have been 
descr ibed i n  t h i s  fash ion .  

This  s e c t i o n  uses  t h e  second approach, consequently t h e  
c h a r a c t e r i s t i c s  of cobble-bed r i v e r s  and va r ious  processes  of flow 
r e s i s t a n c e  need t o  be i d e n t i f i e d .  I t  is  assumed t h a t  t h e  boundary of a  
gravel-bed o r  cobble-bed r i v e r  i s  composed. of noncohesive m a t e r i a l  
g r e a t e r  than  about 10 mm (0.0328 f t )  i n  diameter and t h a t  t h e r e  a r e  no 
s i g n i f i c a n t  outcrops of bedrock o r  patches of vege ta t ion .  This  
assumption r e s t r i c t s  t h e  theory  t o  flows wi th in  t h e  channel banks. Also 
assumed i s  t h e  "only" s i g n i f i c a n t  bedforms a r e  t h e  p o o l / r i f f l e  sequence. 

The v e l o c i t y  of flow i s  a f f e c t e d  by t h e  r e s i s t a n c e  of t h e  boundary 
m a t e r i a l ,  energy l o s s e s  caused by d i s t o r t i o n s  of t h e  f r e e  su r f ace  and by 
changes i n  flow p a t t e r n  r e l a t e d  t o  channel c r o s s - s e c t i o n a l  shape, 
l o n g i t u d i n a l  p r o f i l e  and p a t t e r n  o r  planform. Re la t ive  in f luence  of 
t h e s e  f a c t o r s  changed based on type of flow and type  of channel ,  
t h e r e f o r e  t h e  r e s i s t a n c e  c o e f f i c i e n t  has t o  be ca l cu la t ed  by a  d i f f e r e n t  
flow r e s i s t a n c e  equat ion i n  each d i f f e r e n t  case .  Areas of a p p l i c a t i o n  
of a  given equat ion seem t o  be def ined  by t h e  channel s lope  and t h e  
r e l a t i v e  boundary roughness. 

4 Small-scale  roughness i s  defined a s  when t h e  depth of flow i s  a t  
l e a s t  an order  of magnitude l a r g e r  than t h e  he igh t  of t h e  bed m a t e r i a l .  
I n  such cases  t h e  roughness elements of t h e  boundary a c t  c o l l e c t i v e l y  



a s  one s u r f a c e ,  e x e r t i n g  a  f r i c t i o n a l  s h e a r  on t h e  f low.  The s h e a r  i s  
t r a n s l a t e d  i n t o  a  v e l o c i t y  p r o f i l e ,  t h e  shape of which i s  determined by 
t h e  roughness geometry,  channel  geometry, and any f r e e  s u r f a c e  
d i s t o r t i o n s .  

Large s c a l e  roughness i s  d e f i n e d  a s  when t h e  dep th  i s  of t h e  same 
o r d e r  of magnitude a s  t h e  bed m a t e r i a l  h e i g h t .  The v e l o c i t y  p r o f i l e  i s  
complete ly  d i s r u p t e d  and t h e  roughness e lements  a c t  i n d i v i d u a l l y ,  
producing a  t o t a l  r e s i s t a n c e  based mainly on t h e  sum of  t h e i r  form 
d r a g s .  Wall e f f e c t s  dominate t h e  f low,  s o  roughness geometry and 
d i s t o r t i o n s  o f  t h e  f r e e  s u r f a c e  around e lements  have most e f f e c t  on t h e  
flow r e s i s t a n c e .  Channel geometry i s  i n d i r e c t l y  impor tan t  t o  t h e  e x t e n t  
t h a t  it a f f e c t s  t h e  f low around e lements .  

As t h e  d i s c h a r g e  v a r i e s  t h e  r e l a t i v e  roughness can change by an  
o r d e r  of magnitude.  Th is  v a r i a t i o n  of r e l a t i v e  roughness a l l o w s  f o r  
d e l i n e a t i o n  of l i m i t i n g  r e l a t i v e  roughness of t h e  roughness s c a l e .  F ig -  

u r e  6-37 i s  a  p l o t  o f  r e s i s t a n c e  f u n c t i o n  ( 8 / f ) O e 5  a g a i n s t  t h e  l o g a r i t h m  
of r e l a t i v e  submergence (R/S ) ;  R i s  t h e  h y d r a u l i c  r a d i u s .  The rough- 5 0 
n e s s  h e i g h t  i s  r e p r e s e n t e d  by S t h e  s i z e  o f  t h e  s h o r t  a x i s  o f  t h e  bed 50 ' m a t e r i a l  which i s  b i g g e r  t h a n  o r  equa l  t o  f i f t y  p e r c e n t  o f  t h e  s h o r t  
a x i s  by count .  The s h o r t  a x i s  i s  chosen s i n c e  it more c l o s e l y  approx i -  
mates t h e  roughness h e i g h t .  
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F i g u r e  6-37. V a r i a t i o n  of t h e  r e s i s t a n c e  f u n c t i o n  w i t h  r e l a t i v e  
submergence a t  s e l e c t e d  r i v e r  s i t e s .  



A t  r e l a t i v e  submergence g r e a t e r  t h a n  10 t o  15 t h e  p l o t s  a r e  
s t r a i g h t  l i n e s .  T h i s  reg ion  shoul-d correspond t o  s m a l l - s c a l e  roughness .  
A t  lower r e l a t i v e  submergences a  d i f f e r e n t  s e t  o f  s t r a i g h t  l i n e  p l o t s  
correspond t o  i n t e r m e d i a t e - s c a l e  roughness .  According t o  t h e  p l o t s  t h e  
r e s i s t a n c e  c o e f f i c i e n t  i n c r e a s e s  more s l o w l y ,  a s  r e l a t i v e  submergence 
d e c r e a s e s  i n  t h e  i n t e r m e d i a t e - s c a l e  roughness r e g i o n ,  t h a n  i n  t h e  r e g i o n  
of s m a l l - s c a l e  roughness .  

I n s u f f i c i e n t  f i e l d  d a t a  e x i s t  t o  d e l i n e a t e  t h e  l a r g e - s c a l e  
roughness r e g i o n ,  b u t  l a b o r a t o r y  exper iments  by B a y a z i t  i n d i c a t e  a t  
lower r e l a t i v e  submergence t h e  r e s i s t a n c e  t o  f low i n c r e a s e s  more r a p i d l y  
a s  r e l a t i v e  submergence d e c r e a s e s .  

The upper l i m i t  of s m a l l - s c a l e  roughness remains undef ined .  
Oase R e l a t i v e  submergence i n c r e a s e s  by e i t h e r  t h e  dep th  boos ted  by incr.. 

d i s c h a r g e  o r  t h e  bed m a t e r i a l  d e c r e a s e s  s o  a s  n o t  t o  b e  c l a s s i f i e d  by 
cobble  o r  g r a v e l .  I n  b o t h  c a s e s  t h e  boundary roughness c h a r a c t e r i s t i c s  
would b e  s u f f i c i e n t l y  a f f e c t e d  by bed forms. T h e r e f o r e  t h e  t y p e  of 
f low and r e s i s t a n c e  e q u a t i o n  cannot  be c l a s s i f i e d  s o l e l y  i n  terms of t h e  
s c a l e  of t h e  boundary m a t e r i a l .  

D i f f e r e n t  f low r e s i s t a n c e  e q u a t i o n s  may be r e q u i r e d  a t  t imes  a t  t h e  
same s e c t i o n  because  of changes i.n t h e  bed m a t e r i a l  c h a r a c t e r i s t i c s .  A t  
low d i s c h a r g e s  armoring o c c u r s .  The f i n e r  sediment on t h e  bed s u r f a c e  
i s  removed u n t i l  a  p r o t e c t i v e  l a y e r  composed of t h e  l a r g e r  m a t e r i a l  
remains ,  o v e r l y i n g  f i n e r  m a t e r i a l .  T y p i c a l l y  t h e  channel  can t h e n  be 

4 
c l a s s i f i e d  a s  cobble-bed.  A t  h i g h e r  d i s c h a r g e s  t h e  l a r g e r  m a t e r i a l  i s  
a l s o  removed and t h e  f i n e r  m a t e r i a l  exposed c l a s s i f y i n g  t h e  channel  a s  
sand-bed. Consequent ly ,  d i f f e r e n t  f low r e s i s t a n c e  e q u a t i o n s  a r e  
r e q u i r e d  a t  h i g h  and low d i s c h a r g e s .  

I n  a d d i t i o n  t o  t h e  d i f f e r e n c e s  i n  bed m a t e r i a l  c h a r a c t e r i s t i c s  
caused by changes i n  t h e  r e p r e s e n t a t i v e  m a t e r i a l ,  d i f f e r e n c e s  can be  
caused by bed m a t e r i a l  movement. Owing t o  t h e  momentum e x t r a c t e d  from 
t h e  f low by t h e  p r o c e s s  of bed movement. T h e r e f o r e  a  channel  w i t h  a 
moving bed i s  l i k e l y  t o  have a  d i f f e r e n t  r e s i s t a n c e  from an  o t h e r w i s e  
i d e n t i c a l  channel  w i t h  a  f i x e d  bed.  

I n  c o n c l u s i o n ,  roughness s c a l e  p r o v i d e s  t h e  s i m p l e s t  mearls of 
i d e n t i f y i n g  t h e  v a r i o u s  t y p e s  o f  channel  f low and t h e i r  c h a r a c t e r i s t i c  
p r o c e s s e s  of r e s i s t a n c e  b u t  more d e t a i l e d  c l a s s i f i c a t i o n s  depend on 
channel  s l o p e  and bed m a t e r i a l  c h a r a c t e r i s t i c s .  

T h e o r e t i c a l  Approach t o  Flow R e s i s t a n c e  

Flow r e s i s t a n c e  i n  mountain r i v e r s  i s  dominated by w a l l  e f f e c t s  and 
i s  determined mainly  by t h e  p r o f i l e  d r a g  o f  t h e  e lemenls .  ( P r o f i l e  d r a g  
i s  t h e  sum of  form d r a g  and s k i n  f r i c t i o n ,  t h e  l a t t e r  b e i n g  n e g l i g i b l e  
compared w i t h  t h e  former over  t h e  range o f  Reynolds numbers observed i n  
r i v e r s . )  The d r a g  of i n d i v i d u a l  e lements  i s  determined by p r o c e s s e s  of 
f l u i d  mechanics w h i l e  t h e  combined e f f e c t s  of t h e  e lements  on t h e  t o t a l  

4 d r a g  of t h e  boundary i s  determined by p r o c e s s e s  of w a l l  geometry r e l a t e d  
t o  roughness geometry,  and channel  geometry. 



The p r o f i l e  drag D on a  s i n g l e  i s o l a t e d  e.lement i n  a  uniform flow 
of v e l o c i t y  U i s  r e l a t e d  t o  a  drag c o e f f i c i e n t  CD 

where AF = t h e  f r o n t a l  c ros s - sec t iona l  a rea  of t h e  body p ro j ec t ed  

aga ins t  t he  flow. The drag c o e f f i c i e n t  of a  f u l l y  submerged element 
v a r i e s  wi th  t h e  p o s i t i o n  of t h e  sepa ra t ion  p o i n t  of t h e  boundary l a y e r  
about t he  element. That s epa ra t ion  p o i n t  p o s i t i o n  i s  mainly dependent 
on element shape, s t r u c t u r e  ( su r f ace  t e x t u r e  and roundness),  and by 
Reynolds number. For those elements which i n t e r a c t  wi th  t h e  f r e e  
su r f ace ,  t he  drag c o e f f i c i e n t  a l s o  depends on t h e  d i s t o r t i o n s  of t h e  
sur face  and v a r i e s  with Froude number and r e l a t i v e  submergence. 

Where the  flow i s  both through and over a  c l o s e l y  packed l a y e r  of 
elements,  t h e  p i c t u r e  i s  complicated by i n t e r a c t i o n s  between the  
elements.  I n  order  t o  c a l c u l a t e  t h e  flow r e s i s t a n c e ,  t h e  number of 
elements having s i g i n i f i c a n t  drag and e f f e c t s  of neighboring elements 
and channel boundary on t h e  flow p a s t  a  given element must be known. 
Also how the  bed movement e f f e c t s  t h e  drag must be determined. 

The f a c t o r s  which determine t h e  flow r e s i s t a n c e  and t h e  r a t e  of 
change of flow r e s i s t a n c e  with discharge a r e  a s  fol lows:  

1. Reynolds number and element s t r u c t u r e  
2 .  Froude number and r e l a t i v e  submergence 
3 .  Roughness geometry 
4.  Channel geometry 
5 .  Bed movement 

The r e l a t i v e  importance of t hese  f a c t o r s  v a r i e s  with depth and 
d ischarge .  

Reynolds Number and Element S t ruc tu re  

The form drag of an element v a r i e s  with t h e  p o s i t i o n  of t h e  
sepa ra t ion  p o i n t  of t he  boundary l a y e r  on t h e  element.  The sepa ra t ion  
po in t  p o s i t i o n  i s  dependent on t h e  c h a r a c t e r i s t i c s  of t h e  boundary 
l a y e r ,  which i n  t u r n  a r e  determined by Reynolds number and clement shape 
and s t r u c t u r e .  

When Reynolds numbers a r e  l e s s  than a  c e r t a i n  va lue ,  t h e  boundary 
l a y e r  i s  laminar ,  even though t h e  e x t e r n a l  flow i s  t u r b u l e n t .  A s  
Reynolds number increases  above the  c r i t i c a l  va lue ,  t r a n s i t i o n  t o  
t u rbu len t  boundary l a y e r  occurs .  Laminar boundary l a y e r s  have higher  
drag c o e f f i c i e n t  than tu rbu len t  boundary l a y e r s  because of r e l a t i v e  
e a r l y  s epa ra t ion .  Q u a l i t a t i v e l y ,  t h e  magnitude of t h e  drag  c o e f f i c i e n t  
depends on t h e  shape of t he  element.  The c r i t i c a l  Reynolds number a t  
which t r a n s i t i o n  begins v a r i e s  with t h e  su r f ace  t e x t u r e  o f  t h e  element.  
Generally t h e  rougher t he  su r f ace ,  t h e  lower t h e  c r i t i c a l  Reynolds 
number i s .  Another in f luenc ing  f a c t o r  i s  neighboring o b j e c t s .  The more 
concentrated t h e  elements,  t h e  lower t h e  c r i t i c a l  Reynolds number i s .  

As t h e  Reynolds number v a r i e s  so does t h e  d r a g  c o e f f i c i e n t .  
Therefore t he  Reynolds number must be accounted f o r  i n  t h e  . r e s i s t a n c e  
equat ion.  



An element which pro t rudes  through o r  nea r ly  through t h e  f r e e  
su r f ace  causes d i s t o r t i o n s  i n  t he  f r e e  su r f ace  which r ep resen t s  an 
energy l o s s  and a f f e c t  of t h e  drag of t h e  element.  The drag  generated 
i n  t h i s  fash ion  v a r i e s  with Froude number and r e l a t i v e  submergence. 

Previous s t u d i e s  have been mainly concerned wi th  t h e  wave drag 
r e l a t e d  t o  t h e  p a t t e r n  of waves around an element and have not  
considered the  e f f e c t s  of l a r g e r  d i s t o r t i o n s  such a s  hydraul ic  jumps. 
Since hydraul ic  jumps a r e  such an i n t e g r a l  p a r t  of mountain r i v e r s  the  
con t r ibu t ion  t o  drag cannot be neglec ted .  Therefore t h i s  s e c t i o n  
inc ludes  e f f e c t s  of wave drag and hydraul ic  jump on t o t a l  drag caused by 
f r e e  su r f ace  d i s t o r t i o n s  around elements.  

Wave Drag. Wave drag may be c rea t ed  by br idge  p i e r s  wi th  t h e  depth 
l a r g e  enough t h a t  t h e  wa l l  e f f e c t s  can be neglected a n d b u r f a c e  waves 
can develop f r e e l y  around p i e r s .  The waves cause d i f f e r e n c e s  i n  depth ,  
and t h e r e f o r e  hydros t a t i c  p re s su re s ,  between upstream and downstream 
faces  of each p i e r  thereby c r e a t i n g  a  p re s su re  d rag .  The wave p a t t e r n  
and drag  change wi th  Froude number and concent ra t ion  of t h e  p i e r s .  

Free Surface Drag of a  S ingle  Element. Pronounced f r e e  su r f ace  
e f f e c t s  occur a t  r e l a t i v e  submergences of l e s s  than about 1.6 and Froude 
numbers of l e s s  than  1 .5 .  ~ e n e r a l l ~  t h e  drag c o e f f i c i e n t  depends on 
g r a v i t a t i o n a l  fo rces  and i s  a  func t ion  of Froude number and r e l a t i v e  
submergence. A t  Froude numbers above 1 . 5 ,  f r e e  su r f ace  d i s t o r t i o n  does 
not  appear t o  con t r ibu te  s i g n i f i c a n t l y  t o  t h e  drag ,  and viscous fo rces  

4 may be s i g n i f i c a n t .  

Moderate f r e e  su r f ace  e f f e c t s  occur a t  r e l a t i v e  submergences of 1 . 6  
t o  4 and Froude numbers of l e s s  than  1 . 5 .  Both g r a v i t a t i o n a l  and 
viscous fo rces  a f f e c t  t he  drag c o e f f i c i e n t  so i f  t h e  Reynolds number 
l i e s  i n  t h e  t r a n s i t i o n a l  range, t he  drag c o e f f i c i e n t  i s  .a func t ion  of 
Froude number, Reynolds number, and r e l a t i v e  submergence. 

Negl ig ib le  f r e e  su r f ace  e f f e c t s  occur once t h e  r e l a t i v e  submergence 
exceeds a va lue  of about 4 .  Viscous fo rces  predominate so t h e  drag 
c o e f f i c i e n t  v a r i e s  mainly wi th  Reynolds number. Since a  r e l a t i v e  
submergence of about 4 marks the  l i m i t  between l a rge - sca l e  and 
in te rmedia te -sca le  roughness, it seems l i k e l y  t h a t  t h e  phys i ca l  
explana t ion  f o r  t h a t  boundary i s  t h a t  it marks t h e  r e l a t i v e  submergence 
a t  which t h e  e f f e c t  of t h e  elements on t h e  f r e e  su r f ace  becomes 
n e g l i g i b l e .  

A t  Froude numbers l e s s  than  1 . 5  t h e  drag c o e f f i c i e n t ,  f o r  a  given 
Froude number, i nc reases  a s  t h e  r e l a t i v e  submergence decreases .  On t h e  
o the r  hand, f o r  cons tan t  r e l a t i v e  submergence, as Froude number 
i nc reases  t h e  drag  c o e f f i c i e n t  f i r s t  r i s e s  t o  a  peak va lue  and then  
decreases .  The Froude number corresponding t o  t h e  peak drag c o e f f i c i e n t  
v a r i e s  with r e l a t i v e  submergence. 

The r e l a t i v e  submergence obviously in f luences  t h e  mechanism by 
4 which f r e e  su r f ace  drag develops which sugges ts  t h a t  t h e  mechanism i s  

r e l a t e d  t o  t h e  hydraul ic  jumps r a t h e r  than  su r f ace  waves. 



Generat ion of Hydraul ic  Jumps. A t  low r e l a t i v e  submergences ( l e s s  
t h a n  0.5) t h e  flow around an element resembles t h e  f low about  a  b r i d g e  
p i e r  t h a t  t h e r e  is no flow over  t h e  e lement .  However, t h e  f low about  a  
b r i d g e  p i e r  i s  n o t  g r e a t l y  a f f e c t e d  by w a l l  e f f e c t s  ( excep t  a t  v e r y  low 
dep ths )  and a  s u r f a c e  wave p a t t e r n  can develop f r e e l y .  I n  t h e  flow 
about  a roughness e lement ,  w a l l  e f f e c t s  a r e  v e r y  impor tan t  and dep ths  
a r e  shal low enough t h a t  changes i n  dep th  caused by d i s t o r t i o n s  of t h e  
f r e e  s u r f a c e  can r a d i c a l l y  a l t e r  t h e  l o c a l  Froude number. 

The v a r i o u s  c o n d i t i o n s  under which a  h y d r a u l i c  jump o c c u r s  a r e  
shown i n  F i g u r e  6-38.  Local ized s u p e r c r i t i c a l  f low can occur  beh ind ,  
a long  s i d e ,  o r  i n  f r o n t  of an  e lement .  The p r o t r u s i o n  of t h e  e lement  
through t h e  wa te r  s u r f a c e  can c r e a t e  l o c a l i z e d  a c c e l e r a t i o n  of t h e  f low,  
which r e l a t i v e  t o  t h e  s t a t i o n a r y  wake (caused by t h e  s t a g n a t i o n  p o i n t )  
can cause  an h y d r a u l i c  jump. I n  t h e  s u p e r c r i t i c a l  range a jump and i t s  
a s s o c i a t e d  wave t r a i n  a r e  
of p r o t r u d i n g  e lements .  

d / k s 0.5 ( a )  

Fr S 0.5 

sub/c = subcrit ical f low 

fs = f low separation 
, \ 

t h e  p r i n c i p a l  cause  of 

sup/c = supercritical flow 

Fr  = Froude number 

t h e  f r e e  s u r f a c e  d r a g  

( f  1 
F r k  1 

hj = hydraulic jump 

F i g u r e  6-38.  T h e o r e t i c a l  f r e e  s u r f a c e  c o n f i g u r a t i o n s  f o r  f low p a s t  
a  s i n g l e  roughness e lement  o f  h e i g h t  k i n  t h e  l a r g e -  
s c a l e  roughness r e g i o n  a t  v a r i o u s  Froude numbers. Flow 
i s  from l e f t  t o  r i g h t .  

The submerged e lement  a l s o  can cause  s u r f a c e  d i s t u r b a n c e s .  Because 
of t h e  r e l a t i v e l y  l a r g e  d i f f e r e n c e s  between d e p t h s  over  t h e  w a l l  and 
over  t h e  element,,  l a r g e  v a r i a t i o n s  of l o c a l  Froude number a r e  p o s s i b l e .  

For  a  g iven  l a t e r a l  width  of h y d r a u l i c  jump, t h e  lower t h e  main- 
s t ream Froude number, t h e  g r e a t e r  i s  t h e  amount o f  energy which must be  
l o s t  i n  t h e  h y d r a u l i c  jump t o  d e c e l e r a t e  t h e  l o c a l i z e d  s u p e r c r i t i c a l  
f low t o  t h e  s u b c r i t i c a l  mains'tream flow .' 



As t h e  mainstream Froude number i n c r e a s e s ,  t h e  r e l a t i v e  energy l o s s  
i n  t h e  hydraul ic  jump decreases  u n t i l ,  a s  t he  whole flow becomes super- 
c r i t i c a l ,  t h e  jump d isappears .  

Free Surface Drag of a  Rough Boundary. I n  r i v e r s ,  i nc rease  of 
Froude number a t  a s ec t ion  i s  u sua l ly  caused by inc reases  of d i scharge  
and i s  u sua l ly  accompanied by inc rease  i n  depth and r e l a t i v e  submer- 
gence. While t h e  inc rease  i n  Froude number might i n i t i a l l y  a c t  t o  cause 
an inc rease  i n  drag c o e f f i c i e n t ,  t h a t  i nc rease  i s  l i k e l y  t o  be masked 
e n t i r e l y  by t h e  decrease i n  drag caused by t h e  inc reas ing  r e l a t i v e  
submergence. Also, a s  Froude number cont inues t o  i nc rease  t o  near  
c r i t i c a l  va lues ,  it a c t s  t o  reduce t h e  drag .  A s  t h e  depth inc reases  t h e  
number of pro t ruding  elements decreases .  Thus a s  Froude number, o r  
d i scha rge ,  i nc reases  a t  a  s e c t i o n ,  bo th  t h e  drag  of i n d i v i d u a l  elements 
and the  number of s i g n i f i c a n t  elements a r e  l i k e l y  t o  decrease ,  wi th  t h e  
r e s u l t  t h a t  o v e r a l l  f r e e  su r f ace  drag should a l s o  decrease .  

Free  Surface  I n s t a b i l i t i e s .  Ro l l  waves may appear a t  h igh  Froude 
numbers c l a s s i f i e d  a s  f r e e  su r f ace  i n s t a b i l i t i e s .  They can s i g n i f i -  
c a n t l y  a£  f e c t  l o c a l  condi t ions  by inc reas ing  depth -and probably ,  
promoting bed ma te r i a l  movement and presumably r ep re sen t  an energy l o s s .  
However, on t u r b u l e n t  f lows,  r o l l  waves do not  develop u n t i l  t h e  Froude 
number approaches a  va lue  of two, and Froude numbers of t h i s  magnitude 
a r e  unusual i n  n a t u r a l  channels.  Also extreme rough boundaries d e t e r  
t h e  onse t  of r o l l  waves, so  f r e e  su r f ace  i n s t a b i l i t i e s  a r e  u n l i k e l y  t o  
be important  i n  mountain r i v e r s .  

k 

Prucess of Wall Geometry 

Roughness geometry, o r  t h e  d i s p o s i t i o n  of t h e  elements on t h e  
boundary, determines t h e  degree t h a t  each element a f f e c t s  t h e  flow and 
the  p ropor t ion  of t h e  bed ma te r i a l  which has a  s i g n i f i c a n t  e f f e c t  on t h e  
flow. For nonuniform bed ma te r i a l  it depends on the  a r e a l  concent ra t ion  
of t he  elements and t h e i r  s i z e  d i s t r i b u t i o n  and shape. 

Roughness Concentration. Roughness concent ra t ion  can be given a s  
t h e  r a t i o  of e i t h e r  t he  average f r o n t a l  c ros s - sec t iona l  a r e a  o r ,  t h e  
average b a s a l  p l an  a rea  of t h e  elements,  t o  t h e  a r ea  of bed per  element.  
F ron ta l  concent ra t ion  hl i s  

n  

and b a s a l  concent ra t ion  A2 i s  

4 where AF = wetted f r o n t a l  c ros s - sec t iona l  a r e a ,  A = b a s a l  p lan  a r e a ,  
and t h e r e  a r e  n  elements on an a rea  of bed, Abed. Basal concent ra t ion  
i s  r e l a t e d  t o  t h e  number of elements pe r  u n i t  a r e a .  F ron ta l  concentra- 
t i o n  i s  r e l a t e d  t o  t h e  drag of t h e  elements v i a  Equation 6-97. 



Various flume studies have shown that the relative influence of the 
roughness elements on the flow resistance depends mainly on their 
concentration. At low concentrations individual elements can exhibit 
their maximum resistance. At high concentrations the resistance of 
individual elements is reduced because of wake interference effects. 
Consequently the flow resistance of the boundary varies with roughness 
concentration. In a natural channel roughness concentration may change 
due to sediment erosion or deposition and depth change causes the wetted 
frontal cross-sectional area of an element altering the frontal 
concentration. 

Effective Roughness Concentration. Calculation of effective 
roughness concentration must account for only those elements which 
project significantly into the flow. At low depths the effective 
roughness concentration will increase and the inverse is true for an 
increased depth. As depth increases the relative submergence increases 
and the roughness becomes small-scale, affecting the flow by boundary 
shear rather than by form drag. 

Effective roughness concentration should therefore vary directly 
with relative roughness. 

Bed Material Size Distribution. Nonuniform material causes the 
frontal concentration to initially rise as depth increased from zero, 
but it should begin to fall before all the elements are covered because 
smaller elements become submerged and are no longer included in the 
calculation. Similarly, the number of s.ignificant1.y projecting elements 
decreases and so therefore does the effective roughness concentration. 

Bed Material Shape. Roughness shape affects the magnitude of the 
roughness concentration by determining the wetted frontal cross- 
sectional area of the .elements. For <he same depth different shape 
elements have very different wetted frontal cross-sectional area. The 
more cubical the element cross-section, the greater the concentration. 

Number of Elements. Although not all the elements are included in 
the effective roughness concentration and the number decreases as the 
depth increases, that number is likely to be a function of the total 
number of elements on the bed. 

The total number of elements on the bed is a direct function of the 
ratio of the area of the bed to the average basal plan area of the 
element. In turn the basal plan area is a function of the product of 
two axes of the element base, longstream axis Xn and the cross-stream 

axis Yn. With the section channel width W and length Ax the total 
number of boulders is 

Setting Ax equal to Xn gives a number characteristic of, but not 
necessarily equal to, the number of elements at a section 



It should therefore be possible to give an effective roughness 
concentration as some function varying directly with relative roughness, 
the rate of variation depending inversely on the roughness size distri- 
bution and the magnitude varying with roughness shape and W/Yn. 

Quantification of Roughness Geometry. The precise determination of 
an element axis depends on the method by which samples of bed material 
are aquired. The most practical and widely used method is that of 
Wolman (1954), in which individual elements are collected on a random 
basis from the surface layer of the bed material and their median axes 
measured. Once collected, the elements can be ranked by size, a 
cumulative percentage frequency curve is constructed and the median size 
of the median a::is D50 extracted. If the long and short axes are also 

measured, their median axes (4 0 and S50, respectively) can be 
'similarly derived. 

It is assumed in this study that in natural channels the long, 
median, and short axes of an element correspond respectively to the 
cross-stream axis, longstream axis, and height. 

Size distributions of natural sediments are often log-normal or 
nearly so. The simplest representation of the standard deviation T is 

T = log (D ) - 8 4 

D84 T = log (-) 
D50 

As noted by Equation 6-102 the standard deviation is given as a 
logarithm, therefore it cannot be directly related to roughness size 
which has dimensions of length. 

Channel Geometry 

Chamel geometry plays an important part in small-scale roughness, 
but not in large-scale roughness. Extreme wall roughness and shallow 
depths do not permit the development of secondary circulation at bends 
or changes of cross-sectional shape. The longitudinal bed profile is 
usually uniform. Consequently the effects of channel pattern or plan- 
form and bed profile can be neglected. 

Channel cross-sectional shape can influence the variation of 
resistance with discharge. It is suggested that this shape effect acts 
via a relationship with the proportion of a channel cross section which 
is occupied by roughness elements, that proportion having a direct 
effect on the manner in which the flow loses energy. 

Nerbich and Shulits (1964) showed that, with large-scale roughness 
and high concentration of elements, the flow is funnelled between the 

4 elements in jets and then impacts against downstream elements. The 
resulting energy loss and the distortions of the free surface, typical 
of tumbling flow, must considerably affect the flow velocity and 
resistance. However, the strength of the funneling effect must be a 



function of the proportion of the channel cross section occupied by 
elements at a given discharge, thus, at any given discharge, the 
greater the proportion, the less the flow cross-sectional area and the 
more intense the funnelling effect. As a corollary, at any given 
section it would be expected that as discharge increases and the 
roughness elements are submerged, the proportion of channel occupied by 
elements would decrease and the funnelling effect becomes less intense. 

This concept is illustrated using Figure 6-39 which shows a cross 
section of a channel with large-scale roughness. The shaded area 
represents that part of the roughness which lies below water. 'Total 
channel cross-sectional area is wd', where d' = depth from the free 
surface to the bed. If A is the total wetted cross-sectional area of 
the roughness, the propor?ion of the channel cross section occupied by 
roughness is AJwd'. This parameter, here defined as the relative 

roughness area, is two-dimensional relative roughness. 

Relative roughness area at a section decreases as depth increases 
but the relatioilship with depth must be different at different channel 
sections. Usually, as depth increases at a section, width also 
increases but the ratio of width to depth decreases. As the increase in 
depth brings into play more elements from the channel sides, it can be 
seen that the relative roughness area should vary directly with the 
ratio of width to depth. 

The smaller the effective roughness concentration at any given 
depth, the smaller is the degree to which the elements project into the 
flow and the less is the funneling effect. Thus, if the effective 
roughness concentration decreases rapidly as depth increases, so should 
the relative roughness area decrease. It should therefore be possible to 
drive a relationship in. which the relative roughness area changes with 
the ratio of width to depth and in which the rate of change is a 
function of the effective roughness concentration 

Datum level Roughness Water 
for element surface 

A = flow cross-sectional area - 
A w =  wetted roughness cross-sectional area 

A + A, = w d '  

A,/wd' = re la t ive  roughness a r e a  

Figure 6-39. Definition diagram for relative roughness akea. 



. 
4 Assuming t h a t  t h e  bed i s  composed of e lements  which a r e  uniform i n  

s i z e ,  t h e  a r e a  o f  f low A ,  above each element. i s  

A = wd' *w 
(6-103) 

Exper imental  Work 

I n  o r d e r  t o  p r o v i d e  d a t a  w i t h  which t o  develop a  f low r e s i s t a n c e  
e q u a t i o n ,  a  flume s t u d y  was c a r r i e d  o u t .  Measurements were made o f  
f lows o v e r  f i v e  d i f f e r e n t  roughness beds a t  a  v a r i e t y  o f  s l o p e s  and 
d i s c h a r g e s .  Most of t h e  measurements were made w i t h  f i x e d  beds b u t  a  
few measurements were made u s i n g  l o o s e  beds i n  o r d e r  t o  s t u d y  t h e  e f f e c t  
of bed m a t e r i a l  movement on f low r e s i s t a n c e .  

The f i v e  roughness  m a t e r i a l s  a r e  c l a s s i F i e d  a s  0 . 5 ,  0 . 7 5 ,  1 . 5 ,  2 . 0 ,  
and 2 . 5  i n c h  ( r e s p e c t i v e l y ,  1 2 . 7 ,  1 9 . 0 5 ,  3 8 . 1 ,  5 0 . 8 ,  and 6 3 . 5  mm), 
t h e s e  f i g u r e s  r e f e r r i n g  approximately  t o  t h e  maximum s i z e  of e a c h  
m a t e r i a l .  The 0 . 5 ,  0 . 7 5  and 1 . 5  i n c h  m a t e r i a l s  were commercially 
a v a i l a b l e  g r a v e l s ,  c o n s i s t i n g  of c h i p s  d e r i v e d  by c r u s h i n g  l a r g e r  
cobb les .  The 2 . 0  and 2 . 5  inch  m a t e r i a l s  c o n s i s t e d  o f  cobb les  which were 
c o l l e c t e d  by hand. 

The s i z e  d i s t r i b u t i o n s  of t h e  m a t e r i a l s  were determined b e f o r e  t h e  
roughness beds were c o n s t r u c t e d .  I n  an a t t e m p t  t o  s i m u l a t e  Wolman's 
(1954) method of sampling c o a r s e  bed m a t e r i a l ,  a  sample o f  a  hundred 

4 
e lements  was c o l l e c t e d  on a  random b a s i s .  The l o n g ,  median and s h o r t  
axes  of e a c h  e lement  were measured and t h e  r e l e v a n t  c l a s s  s i z e  i n t e r v a l  
t o  which each a x i s  corresponded was n o t e d .  The arrangement of t h e  
i n t e r v a l  wid ths  i s  one which has  been found t o  be u s e f u l  f o r  r i v e r  
sed iments  ( B a t h u r s t ,  1 9 7 7 ) .  

Cumulati.ve p e r c e n t a g e  f requency c u r v e s  were p l o t t e d  on  
l o g - p r o b a b i l i t y  paper  (F igure  6 -40) .  The d i s t r i b u t i o n s  a r e  approx i -  
mate ly  log-normal s o  t h e  s t a n d a r d  d e v i a t i o n s  o f  t h e  d i s t r i b u t i o n s  were 
c a l c u l a t e d  u s i n g  Equa t ion  6-102. Genera l ly  t h e  d i s t r i b u t i o n s  a r e  more 
uniform t h a n  t h o s e  o f  n a t u r a l  r i v e r  sed iments .  

I n t e r c e p t  s p h e r i c i t y  of each  m a t e r i a l  was c a l c u l a t e d  based i n  t u r n  
on t h e  84, 50 and 16 p e r c e n t i l e  s i z e s  of each  a x i s .  The r a t i o s  o f  l o n g  
t o  s h o r t  and median t o  s h o r t  axes  were a l s o  c a l c u l a t e d .  There  a r e  
d i f f e r e n c e s  i n  shape between t h e  c h i p s  and t h e  cobb les  b u t  b o t h  have 
i n t e r c e p t  s p h e r i c i t i e s  s i m i l a r  t o  t h o s e  measured by Miller (1958) i n  
mountain r i v e r s .  

D e n s i t i e s  o f  t h e  packed m a t e r i a l s  (vo ids  p l u s  e lements )  were 
o b t a i n e d  by measur ing t h e  weight  o f  a  g iven  -volume of- e a c h  m a t e r i a l .  
S u r f a c e  t e x t u r e  of t h e  m a t e r i a l  was rough. The c h i p s  were a n g u l a r  and 
t h e  cobb les  were well rounded. 

Froude number, f i / (gd)0 '5  v a r i e d  from 0.189 t o  1 . 9 2 7 ,  c o v e r i n g  t h e  
4 r e g i o n s  o f  s u b c r i t i c a l ,  t r a n s c r i t i c a l ,  and s u p e r c r i t i c a l .  Reynolds 

number D / V  v a r i e d  from about  l o 3  t o  4 .4  x l o 4 .  T h i s  range  ' l i e s  
5 0  

below t h e  c r i t i c a l  Reynolds number marking t h e  t r a n s i t i o n  from l a m i n a r  



to turbulent boundary layers on the elements and also in this range~the 
drag coefficient varies little with Reynolds number. Reynolds number 
effects were therefore negligible. 

Size at axis in  m i l l i m e t r e s  

Figure 6-40. Cumulative percentage frequency curves for the long 
median and short axes of the 0.5 inch roughness 
material, plotted on a log-probability graph. 

* 
In calculating relative submergence it is assumed that the height 

of an element on the bed is equal to its short axis. This orientation 
is likely to have been adopted during hydraulic construction of the bed. 
However, because the bed of the flume was not constructed hydraulically 
this assumption is inbalid. More probably the element height was nearer 
to the average of the long and the median axes. 

An examination of the variation of resistailce function (8/f1''~ 
with relative submergence indicates that there is a general decrease in 
resistance as relative submergencei decreases: Bathurst showed that 
roughness concentration and its resistive effects change with relative 
submergence and therefore the concentration for only those boulders that 
protrude through the flow was calculated. 

He further derived a resistance equation 



Figure 6-41 shows Equation 6-105 and the data collected from flows 
over a fixed bed. The data points have a tendency to diverge at rela- 
tive submergence of unity, possibly as a result of changes connected 
with the transition from large-scale to intermediate-scale roughness. 

In the logarithmic region (Figure 6-41) there is a definite scatter 
of data points which is based partly on differences between the 
roughness beds and partly on Froude number. Values of Froude number are 
not given in the figure but examination of the data shows that, at a 
given relative submergence and for a given roughness bed, the flow 
resistance decreases as Froude number increases. The scatter is not so 
obvious in the semilogarithmic region (Figure 6-42) suggesting that the 
effect depends on a free surface drag which is present only while the 
roughness elements protrude through or nearly through the surface. 

A more general equation than 6-105 would include additional terms 
to account for free surface drag and variations in roughness geometry. 
Also a replacement for the roughness concentration Al is required. 
Although values of Al calculated by Equation 6-104 are used in the 
plots of Figures 6-41 and 6-42, some of those values are negative. 
Strictly a negative value of Al is physically meaningless since the 
elements are submerged and have zero frontal concentration. 

4 

Development of the Flow Resistance Equation 

Most of the flow resistance is derived from the form drag of the 
roughness elements and the distortions to the flow around the elements. 
Consequently a flow resistance equation for mountain rivers has to 
account both for the processes of fluid mechanics by which the form drag 
is generated and for the processes of wall geometry by which the com- 
bined drag of the elements affects the flow resistance. More specific- 
ally the resistance varies with Reynolds number, Froude number, rough- 
ness geometry, channel geometry, and sediment movement where relevant. 
Analysis has shown that the flow resistance of large-scale roughness is 
likely to vary with relative roughness area, roughness geometry, Froude 
number, and possible Reynolds number. The flow resistance of 
intermediate-scale roughness should vary with relative roughness area, 
roughness geometry, and Reynolds number. The experimental data are used 
to qualify these relationships in a semiempirical fashion. The 
relationships are derived with river channels in mind but because of the 
one-dimensional nature of the flume flows the results should be applic- 
able to any given vertical in a flow and therefore to overland flow. 

Theoretical analysis, supported by the results of the flume 
study, suggests that, for the range of Reynolds numbers given by 

4 5 4 x 10 < i] D5@ 2 x 10 , resistance is likely to fall significantly 
4 as Reynolds number increases. However, if there are roughness elements 

protruding through the free surface, the effect is small by comparison, 
with Froude number effects related to the appearance of hydraulic jumps 
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Relative Submergence . d /  D,, 

0 . 5  F i g u r e  6-41. V a r i a t i o n  of [i/ ( g d ~ )  ] / [ (w/d) '('1 - 0 . 0 8 ) ]  w i t h  r e l a t i v e  
submergence f o r  a l l  t h e  f lows over  t h e  f i x e d  roughness beds .  

and t h e  g e n e r a t i o n  of f r e e  s u r f a c e  d r a g .  For  t h e  bed a s  a  whole, f r e e  
s u r f a c e  d r a g  d e c r e a s e s  a s  Froude number and r e l a t i v e  submergence 
i n c r e a s e s .  Once t h e  e lements  a r e  subnlerged, Froude number e f f e c t s  
r e l a t e d  t o  f r e e  s u r f a c e  d r a g  a r e  smal l  b u t  Froude number e f f e c t s  r e l a t e d  
t o  s t a n d i n g  waves may be impor tan t .  

The e f f e c t  of roughness geometry can l a r g e l y  be  d e s c r i b e d  by a  
s i n g l e  parameter  b  t h e  f u n c t i o n  of e f f e c t i v e  roughness c o n c e n t r a t i o n .  
Th is  accounts  f o r  t h e  v a r i a t i o n  of t h e  roughness geometry b o t h  w i t h  
dep th  and w i t h  bed m a t e r i a l ,  a l though  It d o e s .  n o t  make a l lowance  f o r  
d i f f e r i n g  e lement  shapes .  



Relative Submergence . d/DeL 

F i g u r e  6-42. V a r i a t i o n  f  [ C / ( ~ ~ S ) ~ ' ~ ] /  [wld) 7 ( A l  - 0.08) ]  w i t h  r e l a t i v e  
submergence f o r  a l l  t h e  f lows o v e r  t h e  f i x e d  roughness  beds  
w i t h  r e l a t i v e  submergence o f  g r e a t e r  t h a n  u n i t y .  

S i m i l a r l y  t h e  e f f e c t  of channel  geometry i s  accounted f o r  by t h e  
r e l a t i v e  roughness a r e a  A /wd' which i n d i c a t e s  t h e  p r o p o r t i o n  of a  
channe l  c r o s s  s e c t i o n  occu$ed by roughness and thence  t h e  degree  of 
f u n n e l i n g  of t h e  f low.  For r i v e r  channe l s  o f  homogeneous boundary 
m a t e r i a l  



Based on t h e  a n a l y s i s  of t h e  flume d a t a ,  t h e  r e s i s t a n c e  e q u a t i o n  
f o r  l a r g e - s c a l e  roughness (b < 0 .755)  i s  

0 .28  l o g  (0.7551b) 
- 
- [F F r  I 

Th i s  e q u a t i o n  does n o t  app ly  where Reynolds number e f f e c t s  a r e  
s i g n i f i c a n t ,  where t h e r e  i s  bed m a t e r i a l  movement o r  where t h e r e  i s  a  
system of s t a n d i n g  waves. However, w i t h i n  i t s  range of a p p l i c a t i o n  t h e  
e q u a t i o n  seems t o  work w e l l  a s  long a s  t h e  v a r i o u s  p a r a m e t e r s ,  p a r t i c -  
u l a r l y  t h e  roughness s i z e s  and t h e  channel  we t ted  p e r i m e t e r ,  a r e  d e r i v e d  
o r  measured a s  i n  t h i s  s t u d y .  

I n  s p i t e  o f  i t s  complex form, Equat ion 6-108 c o n t a i n s  r e l a t i v e l y  
few paramete rs  and can be a p p l i e d  u s i n g  a  s imple  i t e r a t i o n  p rocedure .  
Comparison w i t h  independent r i v e r  d a t a  shows t h a t ,  when based on mean 
parameters  of f low and w i t h  semiempi r ica l  e q u a t i o n s  d e s c r i b i n g  r e l a t i v e  
roughness a r e a  and channel  wid th ,  it can be used t o  c a l c u l a t e  a  mean 
r e s i s t a n c e  c o e f f i c i e n t  f o r  a  channel  r each  ( s e e  F i g u r e s  6-43,  6-44 and 
6-45).  A l t e r n a t i v e l y ,  i n  i t s  more g e n e r a l  form r e l a t e d  t o  a  s i n g l e  
v e r t i c a l  through t h e  f low,  t h e  e q u a t i o n  can be  a p p l i e d  t o  over land  f low 
and t o  r e g i o n s  of l a r g e - s c a l e  roughness i n  channe l s  where t h e r e  a r e  
s i g n i f i c a n t  changes i n  boundary m a t e r i a l  and dep th  a c r o s s  a  s e c t i o n .  

The b r i e f  i n v e s t i g a t i o n  of bed m a t e r i a l  movement shows t h a t  
sediment t r a n s p o r t  e q u a t i o n s  developed f o r  sand-bed r i v e r s  do n o t  app ly  
t o  mountain r i v e r s .  The flume d a t a  sugges t  t h a t  two of  t h e  h y d r a u l i c  
f a c t o r s  de te rmin ing  sediment movement a r e  channel  s l o p e  and bed m a t e r i a l  
c h a r a c t e r i s t i c s .  Other  s t u d i e s ,  though, show t h a t  geomorphic f a c t o r s ,  

' which determine t h e  supply of sediment t o  t h e  channe l ,  a r e  a t  l e a s t  a s  
impor tan t  and f u t u r e  r e s e a r c h  should be  d i r e c t e d  towards i d e n t i f y i n g  
t h e s e  f a c t o r s .  

A p p l i c a t i o n  of t h e  R e s i s t a n c e  Equat ion 

The d e r i v e d  r e s i s t a n c e  e q u a t i o n  was g iven  i n  Equa t ion  6-'108. An 
i t e r a t i v e  t echn ique  by which Equat ion 6-108 can be  s o l v e d  i s  demon- 
s t r a t e d  u s i n g  t h e  d a t a  of Virmani (1973).  



F i g u r e  6-43.  Comparison of v a l u e s  of t h e  r e s i s t a n c e  f u n c t i o n  c a l c u l a t e d  
u s i n g  Equat ion 6-108 w i t h  measured v a l u e s  f o r  f lows a t  
s e l e c t e d  r i v e r  s i t e s .  

F i g u r e  6-44. Comparison of v a l u e s  of t h e  r e s i s t a n c e  f u n c t i o n  c a l c u l a t e d  
u s i n g  Equat ion 6-108 w i t h  measured v a l u e s  f o r  f lows a t  
s e l e c t e d  r i v e r  s i t e s .  



V I R M A N I  (1973) 
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F i g u r e  6-45. Cornparison'of v a l u e s  of  t h e  r e s i s t a n c e  f u n c t i o n  c a l c u l a t e d  
u s i n g  Equat ion 6-108 w i t h  measured v a l u e s  f o r  f l o w s  a t  
s e l e c t e d  r i v e r  s i t e s .  



A r e l a t i o n s h i p  between channel  wid th  w and mean d e p t h  d  such. a s  
h Equa t ion  6-106, shou ld  f i r s t  be  d e l i n e a t e d .  Taking Vi rmani ' s  s i t e  

10-0115 a s  a n  example, t h e  d a t a  show t h a t  

Thus t h e  mean v e l o c i t y  fi is r e l a t e d  t o  d i s c h a r g e  Q by 

S u b s t i t u t i n g  f o r  w and fi i n  Equat ion 6-108 and u s i n g  Equa t ion  
6-109 t o  d e s c r i b e  r e l a t i v e  roughness a r e a ,  dep th  i s  r e l a t e d  t o  j u s t  
d i s c h a r g e  and t h e  pa ramete rs  o f  roughness geometry: 

N where 

Vi rmani ' s  d a t a  show t h a t  

Assuming t h a t  S50 = 0.57 D50, and t h e  c ross - s t ream a x i s  Y50 i s  e q u a l  

t o  L5* and L50 = DS0/0.57, t h e n  

The c a l c u l a t e d  v a l u e  o f  t h e  f u n c t i o n  of e f f e c t i v e  roughness 

c o n c e n t r a t i o n  b  i s  t h e r e f o r e  0.7268 d  0.6787 (Equat ion 6-112) .  S u b s t i -  
t u t i n g  i n t o  Equa t ion  6-111 



The on ly  two unknowns i n  t h i s  e q u a t i o n  a r e  d i s c h a r g e  and d e p t h ,  s o  
s p e c i f y i n g  one a l lows  t h e  o t h e r  t o  be c a l c u l a t e d .  V i r m a n i ' s  d a t a  show 

t h a t  a t  a  d i s c h a r g e  of 0.906 m3s-' t h e  dep th  i s  0 .146 m .  I f ,  however, 
t h e  dep th  were unknown it could have been c a l c u l a t e d  by t h e  fo l lowing  
i t e r a t i v e  t e c h n i q u e .  

The known v a l u e  of d i s c h a r g e  and a  guessed v a l u e  o f  d e p t h  a r e  
s u b s t i t u t e d  i n t o  t h e  r i g h t  s i d e  of Equat ion 6-113. With d e p t h  s e t  a t ,  
1 m ,  f o r  example, t h e  v a l u e  o f  t h e  r i g h t  s i d e  i s  4.775. Equa t ing  t h i s  
w i t h  t h e  l e f t  s i d e  of t h e  e q u a t i o n ,  and i n c l u d i n g  t h e  known v a l u e  of 
d i s c h a r g e ,  a  c a l c u l a t e d  v a l u e  of dep th  e q u a l  t o  0.0601 m i s  o b t a i n e d .  

Using t h i s  d e r i v e d  v a l u e  a s  t h e  new guessed v a l u e  of d e p t h  f o r  t h e  
r i g h t  s i d e  of t h e  e q u a t i o n ,  t h e  n e x t  i t e r a t i o n  g i v e s  a  d e p t h  e q u a l  t o  
0.1134 m .  Subsequent i t e r a t i o n s  g i v e  dep ths  of 0.1546 m ,  0.1623 m ,  
and 0.1625 m .  A s  t h e  d i f f e r e n c e  between t h e  l a s t  two v a l u e s  i s  
i n s i g n i f i c a n t ,  t h e  f i n a l  v a l u e  can be  assumed t o  be  t h e  r e q u i r e d  v a l u e .  
F ive  i t e r a t i o n s  t h e r e f o r e  seem t o  be s u f f i c i e n t  f o r  t h e  c a l c u l a t i o n  of 
dep th  and t h e  r e s u l t  i s  abou t  10 p e r c e n t  i n  e r r o r  r e l a t i v e  t o  t h e  
measured v a l u e .  By the .  u s e  of Barnes '  d a t a  (Water Supply Paper  81849) 
v e r i f i c a t i o n  of t h i s  f u n c t i o n  can be  made. Barnes '  d a t a  p r o v i d e s  
Manning's f r i c t i o n  f a c t o r  f o r  peak d i s c h a r g e s  i n  14 r i v e r s  and 5 3  c r o s s  
s e c t i o n s .  Only 14 o u t  of t h e  50 a v a i l a b l e  r i v e r  s i tes p r o v i d e  a l l  t h e  
r e q u i r e d  i n f o r m a t i o n .  

The c r o s s  s e c t i o n s  were d i g i t i z e d  i n  o r d e r  t o  de te rmine  t h e  
geometr ic  power r e l a t i o n s .  Then t h e  r o u t i n e  c a l c u l a t e d  a  dep th  b y  t h e  
r e s i s t a n c e  f u n c t i o n  and used t h i s  p r e d i c t e d  d e p t h  and geometr ic  power 
r e l a t i o n s  t o  determine Manning's f r i c t i o n  f a c t o r .  The r e s u l t s  a r e  
p r e s e n t e d  i n  m e t r i c  u n i t s ,  b u t  t h e  computer program can e a s i l y  be  
conver ted t o  e n g l i s h  u n i t s .  

When t h e  program was o r i g i n a l l y  run t h e  r e s u l t s  were r e a s o n a b l e  i n  
p r e d i c t i n g  t h e  d e p t h ,  b u t  i t  was f e l t  t h a t  geometr ic  d i f f e r e n c e s  between 
t h e  flume s t u d i e s  and t h e  f i e l d  s t u d i e s  could  b e  improved. Because of 
t h e  l a r g e  wid th  dep th  r a t i o  i n  t h e  flume s t u d i e s  and s m a l l e r  r a t i o  i n  
t h e  f i e l d  s t u d i e s  t h e  ad jus tment  must be  o f  a  channe l  shape n a t u r e .  The 
a r e a  of c o n c e n t r a t i o n  i s  t h e  c o e f f i c i e n t  e because  t h i s  c o n s t a n t  
accounts  f o r  r e s i s t a n c e  t h a t  i s  r e l a t e d  t o  t h e  wid th  dep th  r a t i o  and 
r e l a t i v e  roughness .  To determine e  t h e  d a t a  p rov ided  a l l  the ,  needed 
paramete rs  and t h e  computer program was a l t e r e d  t o  c a l c u l a t e  a n  e  
c o e f f i c i e n t  f o r  each o f  t h e  53 c r o s s  s e c t i o n s .  Then t h e  computer 



package was used t o  determine an equat ion by use of nonl inear  l e a s t  
square rou t ine .  The equat ion was based on t h e  width depth r a t i o  and 
r e l a t i v e  submergence (d/D ) The r e s u l t  was a s  fol lows 8 4 

Figure  6-46 shows t h e  r e l a t i o n s h i p  between measured e  determined from 
t h e  da t a  and ca l cu la t ed  e  determined from the  equat ion  above. The 
s c a t t e r  on t h i s  graph cannot be ignored b u t  even wi th  t h e  s c a t t e r  t h e  
improvement of t h e  predic ted  depth was obvious and t h e  comparison of 
measured depth and the  ca l cu la t ed  depth i s  shown i n  F igure  6-47.  The 
improved c o e f f i c i e n t  e  lowered t h e  predic ted  va lues  f o r  depths above 
3 meters.  This  f i g u r e  shows t h a t  t h e  predic ted  va lues  worked very  we l l  
wi th  t h e  adjustment of geometric d i f f e r e n c e s .  

I n  F igure  6-48 t he  a rea  t h a t  was measured i s  p l o t t e d  a g a i n s t  t h e  
a r ea  ca l cu la t ed  by the  a rea  power r e l a t i o n  based on t h e  depth.  It 
should be noted t h a t  t he  power r e l a t i o n s  derived by t h e  d i g i t i z e d  c ros s  
s ec t ions  were based on thalweg depth and no t  average depth .  Some minor 
adjustment was requi red ,  By assuming t h a t  t he  average depth was equal  
t o  hydraul ic  r a d i u s ,  a  co r r ec t ion  equat ion was derived from t h e  power 
r e l a t i o n s .  This  co r r ec t ion  equat ion was used i n  t h e  width-depth 
equat ion  i n  B a t h u r s t ' s  rou t ine  and f o r  t h e  a r ea  and wetted per imeter  

\ requi red  by Manning's equat ion i n  o rde r  t o  determine f r i c t i o n  f a c t o r .  

F igure  6-49 shows t h e  comparison measured Manning's f r i c t i o n  f a c t o r  
wi th  ca l cu la t ed  f r i c t i o n  f a c t o r .  I n  t h e  Manning's equat ion t h e  
hydraul ic  r ad ius  was determined from t h e  geometric power r e l a t i o n s  f o r  
a r ea  and wetted per imeter .  The s c a t t e r  i n  t h i s  p l o t  i s  probably due t o  
t h e  e r r o r  involved wi th  each ind iv idua l  component; a s  e r r o r s  a r e  
combined t h e  s c a t t e r  i s  i n e v i t a b l e .  The genera l  t rend  does e x i s t  and 
it i s  ev ident  t h a t  t h e  predic ted  depth i s  no t  i n  e r r o r .  

The d ischarge  versus Manning f r i c t i o n  f a c t o r  i s  p resented  a s  a  
re ference  t o  o t h e r  comparison p re sen ta t ions  f o r  d i f f e r e n t  r e s i s t a n c e  
func t ions .  Comparing Figures  6-50 and 6-51 shows t h a t  t h e  t r end  of t h e  
predic ted  and measured Manning's f r i c t i o n  f a c t o r  a r e  t h e  same. There 
a r e  only 1 4  da ta  p o i n t s  on Figure 6-49 became t h e  53 c ros s  s e c t i o n s  a r e  
a l l  from 14 r i v e r s  having the  same Manning's f r i c t i o n  f a c t o r .  

F igure  6-52 shows a  comparison of d i scharge  ve r sus  depth ,  bo th  
p red ic t ed  and measured. 

F igure  6-53 shows the  comparison of r e l a t i v e  submergence of 
ca l cu la t ed  and measured depth.  This  graph shows t h a t  t h e  r e s i s t a n c e  
func t ion  p red ic t ed  a  l a rge  s c a l e  roughness when t h e  channel was by 
d e f i n i t i o n  l a rge - sca l e  and t h e  same f o r  in te rmedia te  s c a l e  roughness.  
I t  i s  important  t o  note  t h a t  r e l a t i v e  roughness c h a r a c t e r i s t i c s  hold 
f o r  t r u e  Bathurs t  r e s i s t a n c e  func t ions .  

A s  i s  ev ident  on t h e  f i g u r e s  presented ,  t h e  proposed r e s i s t a n c e  
func t ion  i s  good f o r  t h e  cobble-bed channels.  By s l i g h t  adjustment  of 



MEASURED E 

Figure 6-46. Comparison of coefficient e .  

MEASURED DEPTH 

Figure 6-47. Comparison of depths. 
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MEASURED AREA 

F i g u r e  6-48. Cornparison 01 a r e a s  

MEASURED MANNING'S FRICTION FACTOR 

F i g u r e  6-49. Manning f r i c t i o n  f a c t o r  comparison.  



t h e  channel shape f a c t o r  it i s  ev ident  t h a t  p red ic t ions  a r e  good. The 
c o e f f i c i e n t  equat ion e  may be the  c a l i b r a t i o n  needed t o  proper ly  
a d j u s t  flume s t u d i e s '  r e s u l t s .  Fur ther  t e s t s  must be done t o  determine 
i f  t h e  c o e f f i c i e n t  equat ion f o r  e  holds f o r  every cobble-bed o r  
boulder-bed channels.  

Figure 6-50. Discharge (cm) vs  . Manning f r i c t i o n  f a c t o r .  

F igure  6-51. Discharge (cms) v s .  Manning f r i c t i o n  f a c t o r  (neasured) . 



DISCHARGE (CMS) 

F i g u r e  6-52. Discharge (cms) v s .  dep th  (measured and p r e d i c t e d ) .  

F i g u r e  6-53. Comparison o f  r e l a t i v e  submergence. 



6 . 6  RESISTANCE 

General  

6-90 

TO FLOW I N  VEGETATED CH/WRLS 

Vege ta t ion  i n  open channels  i s  o f t e n  u s e f u l  f o r  t h e  ~ r o t e c t i o n  o f  
channel  banks and bot toms.  A t  o t h e r  t imes  it grows uninvited and s e r v e s  
t o  o b s t r u c t  ready d i s p o s a l  of storm w a t e r .  Vege ta t ion  a long  roads  o r  a t  
a p p r o p r i a t e  p o i n t s  n e a r  c o n s t r u c t i o n  a r e a s  can a c t  t o  t r a p  sediments  and 
a s s o c i a t e d  p o l l u t a n t s  b e f o r e  s torm wate r  reaches  a  w a t e r c o u r s e .  To 
des ign  wate r  c o u r s e s ,  determine t h e  conveyance of d r a i n a g e  d i t c h e s ,  
e s t a b l i s h  t h e  r e s i s t a n c e  paramete rs  f o r  v e g e t a t e d  f l o o d  p l a i n s ,  o r  model 
t h e  e f f e c t  of t h e  sediment t r a p p i n g  o r  r e l e a s i n g  c a p a c i t y  of mats o f  
v e g e t a t i o n ,  a n  adequa te  p h y s i c a l  and mathemat ical  d e s c r i p t i o n  of f low i n  
and over  v e g e t a t i o n  i s  r e q u i r e d .  

I n  t h e  1930 ' s  i t  was recognized t h a t  t h e r e  was no q u a n t i t a t i v e  
in format ioq  on t h e  r e s i s t a n c e  t o  f low of v e g e t a t i v e  channel  l i n i n g s .  A s  
a  r e s u l t ,  t h e  U.S. Department of A g r i c u l t u r e ,  S o i l  Conservat ion S e r v i c e  
e s t a b l i s h e d  a  program t o  tes t  channe l s  l i n e d  w i t h  v a r i o u s  North American 
g r a s s e s  and o t h e r  p l a n t s  f o r  t h e  purpose  of de te rmin ing  t h e i r  r e s i s t a n c e  
and channel  p r o t e c t i v e  p a r a m e t e r s .  The b u l k  of t h e  t e s t  r e s u l t s  were 
r e p o r t e d  i n  Cox and Palmer (1948) ,  Ree and Palmer (1949) ,  Cox (1962) ,  
and more r e c e n t l y  Ree and Crow ( 1 9 7 7 ) .  E a s t g a t e  (1966) c a r r i e d  o u t  a  
s e r i e s  of t e s t s  on A u s t r a l i a n  g r a s s e s .  The approach used t o  a n a l y z e  t h e  
t e s t  r e s u l t s  was t o  p l o t  Manning's n  which was d e f i n e d  through Equa- 
t i o n  6-114 a s  a  f u n c t i o n  of t h e  p roduc t  of t h e  mean f low v e l o c i t y  and 
t h e  h y d r a u l i c  r a d i u s  of t h e  channe l .  

I n  Equat ion 6-114 V i s  t h e  mean v e l o c i t y  of f low,  R i s  t h e  h y d r a u l i c  
r a d i u s  and S  i s  t h e  s l o p e  of t h e  energy g r a d e l i n e ,  which f o r  g r a s s e d  
channels  o f t e n  has  a  v a l u e  c l o s e  t o  t h e  channel  bed s l o p e .  

Most o f  t h e  t e s t s  r e p o r t e d  were i n  channe l s  having bed s l o p e s  
ranging from 1 t o  20 p e r c e n t .  I t  was d i scovered  t h a t  when Manning's n 
was p l o t t e d  a g a i n s t  t h e  p r o d u c t  VR f o r  t e s t  f lows i n  channe l s  hav ing  
s i m i l a r  s t a n d s  o f  a  p a r t i c u l a r  s p e c i e s  of g r a s s ,  t h e  p o i n t s  f e l l  a long  a  
s i n g l e  l i n e .  F i g u r e  6-54 summarizes much of t h e  d a t a .  Fur the rmore ,  it 
was d i scovered  t h a t  g r a s s e s  could  be c l a s s i f i e d  i n t o  f i v e  broad 
c a t e g o r i e s ,  A through E. Each c a t e g o r y  could  be  r e p r e s e n t e d  by a  
c h a r a c t e r i s t i c  curve  a s  shown by t h e  broken l i n e s  i n  F i g u r e s  6-54a,  b ,  
c  and d .  F i g u r e  6-55 i s  t a k e n  from t h e  "Handbook of Channel Design f o r  

\ 
S o i l  and Water Conservation" (USDA, 1954) and shows t h e  r e l a t i v e  p o s i -  
t i o n  of t h e  A ,  B ,  C ,  D and E c u r v e s .  The curves  a r e  r e f e r r e d  t o  a s  t h e  
r e t a r d a n c e  c u r v e s .  

The r e t a r d a n c e  curves  have been q u i t e  u s e f u l  f o r  t h e  des ign  of 
v e g e t a t e d  c h a n n e l s .  Given a  f low p e r  u n i t  wid.th f o r  a wide c h a n n e l ,  
where R i s  approximately  equa l  t o  t h e  f low dep th  y n ,  Manning's n  

may be  e a s i l y  ob ta ined  from t h e  a p p r o p r i a t e  r e t a r d a n c e  c u r v e .  For  
channels  of narrow c r o s s  s e c t i o n  where t h e  h y d r a u l i c  r a d i u s  i s  s u b s t a n -  
t i a l l y  d i f f e r e n t  from t h e  flow d e p t h ,  a  somewhat more l e n g t h y  i t e r a t i v e  



Figure  6-54a. Experimental r e s u l t s  r e l a t e d  t o  re ta rdance  A (very h igh  
v e g e t a l  re ta rdance) .  Engl i sh  u n i t s .  

F igure  6-54b. Experimental r e s u l t s  r e l a t e d  t o  r e t a rdance  B (high 
vege t a l  r e t a rdance ) .  Engl i sh  u n i t s .  



F i g u r e  6-54c. Exper imental  r e s u l t s  r e l a t e d  t o  r e t a r d a n c e  C (moderate 
v e g e t a l  r e t a r d a n c e ) .  E n g l i s h  u n i t s .  

F igure  6-54d. Exper imental  r e s u l t s  r e l a t e d  t o  r e t a r d a n c e  D (low v e g e t a l  
r e t a r d a n c e ) .  Eng l i sh  u n i t s .  



VR , PRODUCT OF VELOCITY A N 0  H Y D R A U L I C  R A D I U S  

Figure  6-55. Retardance curves (Handbook of Chamel  Design f o r  S o i l  and 
Water Conservation, 1954). English u n i t s .  

\ 

procedure i s  requi red .  This method i s  descr ibed  i n  t h e  "Handbook f o r  
Channel Design f o r  S o i l  and Water Conservationtt  (1954) and i n  "Open 
Channel Hydraul icst t  by Ven-te Chow (1959). The "n-VR klethodt' a s  t h e  
re ta rdance  curve method i s  c a l l e d  (Palmer, 1945),  i s  thus  e s s e n t i a l l y  a 
g raph ica l  method. I t  does not  provide an adequate r ep re sen ta t ion  of  t he  
phys ica l  a spec t s  of t h e  flow, nor does it provide an algori thm which can 
be programmed f o r  a programmable c a l c u l a t o r  o r  d i g i t a l  computer. 
Recent ly,  two methods have been proposed t o  so lve  t h e  channel re ta rdance  
problem numerical ly .  

Numerical Representat ion of t h e  n-VR Method 

Because of t he  d i f f i c u l t y  of numerical ly  so lv ing  f o r  r a p i d l y  and 
gradual ly  v a r i e s  flow problems i n  vege ta ted  channels us ing  t h e  g raph ica l  
technique,  Temple (1979), using an approach s i m i l a r  t o  subdiv id ing  
o v e r a l l  roughness on a l l u v i a l  beds i n  t h e  g r a i n  and form roughness,  
subdivided t h e  t o t a l  roughness i n t o  a g ra in  roughness and a form 
roughness. This  approach l e d  t o  an a r b i t r a r y  roughness index between 1 
and 10 and the  express ion  

"R = exp 10.01329 C I  [ l n ( ~ ~ ) ] '  - 0.09543 CI ln(Rv) 

4 reproduced t h e  re ta rdance  curves shown i n  F igure  6-55. Equation 6-115 
i s  v a l i d  only wi th in  t h e  l i m i t s  n < (C + 1) /36 ,  0 . 1  < R < 36,' 0 .0  < CI 

- I - v - - 



< 10.0 .  I n  Equa t ion  6-115 nR i s  t h e  computed f low r e s i s t a n c e  - 
c o e f f i c i e n t ,  R i s  a  dimensionless  parameter  d e f i n e d  by R = ( V R / V ~ ~ )  

- C v  v  
x  lopJ where v i s  t h e  kinemat ic  v i s c o s i t y  o f  w a t e r  a t  74OF and 

7 4 I 
i s  a  v e g e t a l  parameter  which i s  a r b i t r a r i l y  s e t  e q u a l  t o  10 t o  match t h e  
r e t a r d a n c e  curve  l a b e l e d  A i n  F i g u r e  6-55. The Rv pa ramete r  i s  t h e  

Reynolds number and it happens t h a t  a t  74OF t h e  v i s c o s i t y  o f  wa te r  
2 e q u a l s  f t  / s e e .  Th i s  makes t h e  numerical  v a l u e  of R i d e n t i c a l l y  

v 
e q u a l  t o  t h e  VR p roduc t  i n  t h e  E n g l i s h  u n i t  sys tem.  

The above approach i s  a  p u r e l y  e m p i r i c a l  e x p r e s s i o n  r e p r e s e n t i n g  
t h e  r e t a r d a n c e  c u r v e s .  I n  a d d i t i o n  t o  t h e  c o n s t r a i n t s  l i s t e d  above,  i t  
should n o t  be used f o r  s l o p e s  o u t s i d e  t h e  1 t o  20 p e r c e n t  range,  
r e p r e s e n t i n g  t h e  range over  which t h e  o r i g i n a l  d a t a  was c o l l e c t e d .  I t  
has  been shown by Kouwen, L i ,  and Simons (1979) t h a t  f o r  low s l o p e s ,  t h e  
n-VR method breaks  down because t h e  r e t a r d a n c e  curves  o n l y  c o l l a p s e  when 
s u b s t a n t i a l  bending o f  t h e  v e g e t a t i a n  o c c u r s .  For  low s l o p e s  t h e r e  i s  
n o t  enough ' force  t o  bend t h e  v e g e t a t i o n .  The same i s  t r u e  f o r  v e r y  
s t i f f  v e g e t a t i o n  on somewhat l a r g e r  s l o p e s .  Kouwen and Unny (1973) 
modeled v e g e t a t i o n  w i t h  f l e x i b l e  p l a s t i c  s t r i p s .  T h e i r  exper iments  
showed t h a t  f o r  low s l o p e s  and /or  s t i f f  roughness t h e  f r i c t i o n  f a c t o r  
was p r i m a r i l y  dependent on t h e  r e l a t i v e  roughness .  Kouwen and L i  (1979) 
show t h a t  f o r  t h i s  c a s e ,  t h e  r e t a r d a n c e  curves  do n o t  c o l l a p s e  t o  one 
l i n e .  Kao and B a r f i e l d  (1976) a l s o  show n  v e r s u s  VR p l o t s  on which 
t h e  d a t a  does n o t  f a l l  a long  one l i n e .  

P h y s i c a l l y  Based R e s i s t a n c e  Funct ion 

Because t h e  flow i n  and over  v e g e t a t i o n  i s  a n  ex t remely  complicated 
p r o c e s s ,  i t  i s  n o t  p o s s i b l e  t o  c o n s t r u c t  a  mathemat ical  model which 
i n c o r p o r a t e s  a l l  a s p e c t s  of t h e  f low.  However, it i s  p o s s i b l e  t o  
c o n s t r u c t  a  r e s i s t a n c e  model which i n c o r p o r a t e s  a t  l e a s t  t h e  b a s i c  f low 
and boundary paramete rs .  

A g r e a t  d e a l  of work on r e s i s t a n c e  t o  f low i n  channe l s  w i t h  r i g i d  
roughness e lements  o f  s imple  geometry has  been r e p o r t e d  i n  t h e  
l i t e r a t u r e .  Much of t h i s  work i s  summarized by t h e  ASCE t a s k  f o r c e  on 
f r i c t i o n  f a c t o r s  (1963) and by Rouse (1965) .  I n  g e n e r a l ,  t h e  Darcy- 
Weisbach f r i c t i o n  f a c t o r  i s  r e l a t e d  t o  t h e  r e l a t i v e  roughness through 
t h e  l o g a r i t h m i c  e x p r e s s i o n  

i n  which a  and b  a r e  c o e f f i c i e n t s ,  i s  t h e  normal d e p t h  of f low,  
k i s  t h e  roughness h e i g h t  and f  An a s  d e f i n e d  i n  t h e  f o l l o w i n g  
e q u a t i o n .  

The l o g a r i t h m i c  flow formula r e s u l t s  from i n t e g r a t i n g  t h e  e x p r e s s i o n  f o r  
t h e  v e l o c i t y  p r o f i l e  of t h e  f low over  a  rough boundary.  T h i s  v e l o c i t y  
p r o f i l e  i s  found t o  be  l o g a r i t h m i c  and can b e  e x p l a i n e d  by P r a n d t l ' s  
mixing- length  h y p o t h e s i s  ( s e e  S c h l i c h t i n g ,  1968) .  



For flow over f l e x i b l e  p l a s t i c  roughness, Kouwen (1970) found t h a t  
v e l o c i t y  p r o f i l e s  were logar i thmic  a s  we l l .  Kouwen and L i  (1979) 
p re sen t  evidence t h a t  f l e x i b l e  p l a s t i c  roughness elements adequately 
model t h e  flow condi t ions  over f l e x i b l e  n a t u r a l  vege ta t ion .  Eas tga t e  
(1966) measured v e l o c i t y  p r o f i l e s  over s e v e r a l  Aus t r a l i an  g ra s ses  and 
a l s o  found t h e  v e l o c i t y  d i s t r i b u t i o n  t o  be logar i thmic .  This  i n d i c a t e s  
t h a t  a  logar i thmic  flow formula should a l s o  apply t o  flow over 
vege ta t ion .  F igure  6-56 shows a  t y p i c a l  v e l o c i t y  p r o f i l e  f o r  flow over 
vege ta t ion .  The v e l o c i t y  d i s t r i b u t i o n  is  more o r  l e s s  uniform wi th in  
t h e  vege ta t ion  b u t  p l o t s  a s  a  s t r a i g h t  l i n e  on semi-log paper above the  
vege ta t ion  a s  shown. 

When any p l a s t i c  o r  n a t u r a l  vege ta t ion  i s  subjec ted  t o  a  streamwise 
drag  fo rce ,  it w i l l  bend i f  s u f f i c i e n t l y  p l i a n t .  The amount of t h e  
bending depends on t h e  appl ied  f o r c e  and t h e  f l e x u r a l  s t i f f n e s s  of t h e  
roughness. When s u f f i c i e n t  fo rce  i s  app l i ed ,  t h e  roughness may break .  
This  a spec t  of vege ta t ive  r e s i s t a n c e  i s  what complicates  t h e  process  
beyond t h e  r i g i d  roughness case .  The i n t e r c e p t  of t h e  v e l o c i t y  d i s t r i -  
bu t ion  wi th  t h e  y  a x i s  i s  a t  a  d i s t ance  y '  from t h e  channel boundary. 
Sayre and Albertson (1962) found t h a t  f o r  r i g i d  b a f f l e s ,  t h i s  i n t e r c e p t  
l o c a t i o n  i s  more o r  l e s s  f i xed .  For f l e x i b l e  roughness it i s  dependent 
on t h e  degree t o  which t h e  roughness bends. The more it bends, t h e  
lower t h e  y-axis  i n t e r c e p t  y '  . The reduct ion of t h e  roughness he ight  

F igure  6-56. m i c a 1  v e l o c i t y  p r o f i l e .  

k and t h e  y-axis  i n t e r c e p t  y '  a r e  found t o  be r e l a t e d  t o  t h e  same 
parameters s o  t h a t  t h e  k i n  Equation 6-116 could be replaced by y '  
and t h e  va lue  of a  would be d i f f e r e n t .  I t  i s  t hus  necessary  t o  be 
a b l e  t o  p r e d i c t  t o  what e x t e n t  k (or  y ' )  w i l l  be reduced due t o  an  

4 imposed shear  s t r e s s .  



F i g u r e  6-57 i s  a  p l o t  of k /h  v e r s u s  ( M E I / ~ ~ s ) ~ / ~ / ~  f o r  p l a s t i c  

roughness.  Both o f  t h e s e  r a t i o s  a r e  d imens ion less ,  a l t h o u g h  M i s  
dependent on t h e  dimensional  u n i t s  used.  I n  t h e  above,  h  i s  t h e  
u n d e f l e c t e d  roughness h e i g h t  o r  average g r a s s  l e n g t h ,  M i s  t h e  r e l a t i v e  
d e n s i t y  o f  t h e  roughness and is  e v a l u a t e d  a s  t h e  stemcount p e r  s q u a r e  
mete r ,  E i s  t h e  e l a s t i c  modulus o f  t h e  s t ems ,  I i s  t h e  stem c r o s s -  
s e c t i o n a l  moment o f  i n e r t i a ,  y i s  t h e  weight  d e n s i t y  o f  w a t e r ,  

Y n  
i s  

t h e  normal d e p t h ,  and S i s  t h e  f r i c t i o n  s l o p e .  

The v a l u e  o f  t h e  roughness h e i g h t  can be o b t a i n e d  through F i g u r e  
6-57 o r  t h e  f i t t e d  l i n e ,  Equat ion 6-118 

F i g u r e  6-57. P l o t  of [ ( M E I / ~ ~ s ) ] ~ / ~  v e r s u s  d e f l e c t i o n  k/h .  
C 

The f low c a p a c i t y  o f  a  v e g e t a t i v e  channel  having a  d e p t h  of yn,  
a  

channel  s l o p e  S and a v e g e t a t i o n  of average h e i g h t  h and s t i f f n e s s  
ME1 can  n o t  be determined by t h e  fo l lowing  s t e p s :  



1. C a l c u l a t e  k  through Equa t ion  6-118, 

2. C a l c u l a t e  1 / f i  through Equat ion 6-1.16 u s i n g  t h e  p r o p e r  v a l u e s  
f o r '  a  and b  a s  d e s c r i b e d  below, 

3 .  C a l c u l a t e  t h e  mean v e l o c i t y  V through Equa t ion  6-117, and 

4 .  Determine t h e  flow f o r  a  channel  sequence of wid th  w 
th rough  Q = wy V and add t h e  flow f o r  t h e  c r o s s  s e c t i o n  n  segments.  

A s  s t a t e d  b e f o r e ,  when a r t i f i c i a l  o r  n a t u r a l  f l e x i b l e  roughness i s  
s u b j e c t e d  t o  a  s h e a r  s t r e s s ,  it bends .  Th is  bending a l t e r s  t h e  d r a g  
c h a r a c t e r i s t i c s  o f  t h e  roughness and a f f e c t s  t h e  a  and b  pa ramete rs  
i n  Equa t ion  6-116. F i g u r e  6-58 i s  a  p l o t  of 1 v e r s u s  t h e  l o g  of 
y,/k f o r  p l a s t i c  roughness .  

The d a t a  a long  t h e  bottom l i n e  i n  F i g u r e  6-58 i s  f o r  roughness 
which i s  e s s e n t i a l l y  e r e c t  and may be  waving v i g o r o u s l y .  The d a t a  above 
t h e  bottom l i n e  i s  f o r  roughness which i s  e s s e n t i a l l y  p rone .  There  i s  a 
s h e a r  s t r e s s  o r  s h e a r  v e l o c i t y  U, = ,/q beyond which t h e  d a t a  f a l l s  

away from l i n e  1 .  T h i s  s h e a r  v e l o c i t y  i s  denoted by U,crit and f o r  

p l a s t i c  roughness was found t o  be  r e l a t e d  t o  t h e  s t i f f n e s s  ME1 through 
Equa t ion  6-119. 

U& = .028 + 6 . 3 3  (MEI) ( e l a s t i c )  (6- 119) 
2 

, , c r i t  

C l a s s  

v v v v  
D D b b  

7 8 9 1 0  

F i g u r e  6-58. F r i c t i o n  f a c t o r  v e r s u s  r e l a t i v e  roughness .  



S i n c e  Equat ion 6-119 i s  n o t  d imens ion less ,  it can o n l y  be used i n  SI: 

u n i t s  i . e . ,  U, 2 i n  m / s  and ME1 i n  N-rn . N a t u r a l  v e g e t a t i o n  w i l l  
- c r i t  

b reak  when a c r i t i c a l  s h e a r  v e l o c i t y  i s  reached.  An a n a l y s i s  of 
E a s t g a t e l s  (1966) d a t a  by Kouwen, L i  and Simons (1979) i n d i c a t e s  t h a t  
t h i s  o c c u r s  when U, a s  g iven  by Equa t ion  6-120 i s  exceeded. 8bcrit 

( p l a s t i c )  

To determine t h e  c r i t i c a l  s h e a r  s t r e s s  f o r  a p a r t i c u l a r  roughness ,  use  
t h e  lower of t h e  v a l u e s  g iven  by Equat ion 6-119 o r  6-120. 

Fur thermore,  because  t h e r e  i s  a g r a d u a l  t r a n s i t i o n  from t h e  e r e c t  
t o  t h e  f u l l y  prone c o n d i t i o n ,  it i s  u s e f u l  t o  subd iv ide  t h e  r e s i s t a n c e  
r e l a t i o n  f o r  non-e rec t  i n t o  t h r e e  c o n d i t i o n s .  The c l a s s i f i c a t i o n  scheme 
a long  w i t h  t h e  a p p r o p r i a t e  v a l u e s  f o r  a and b a r e  g iven  i n  Table  
6-15. The c o n d i t i o n s  1,  2 ,  3 and 4 r e f e r  t o  t h e  numbered l i n e s  i n  
F igure  6-58. 

Tab le  6-15. R e s i s t a n c e  c l a s s i f i c a t i o n s .  

Condi t ion C l a s s i f i c a t i o n  C r i t e r i a  a b 

1 E r e c t  u, < 1 . 0  0 . 1 5  1 . 8 5  
/u*crit 

2 Prone 1 . 0 C U.,- < 1 . 5  0 . 2 0  2 .70  
*'/U"crit 

3 Prone 1 . 5  < < 2.5  0 . 2 8  3 . 0 8  
lwcrit 

4 Prone 2 . 5  < U, 0.29 3 .50  
/U*crit 

S imula t ion  o f  Retardance Curves 

Equa t ions  6-118, 6-119, o r  6-120, 6-116 and 6-117 a r e  used i n  t h a t  
o r d e r  t o  c a l c u l a t e  Manning's n and t h e  p roduc t  of Vyn. Manning's n 

i s  d e f i n e d  th rough  t h e  Manning formula i n  Equat ion 6-114. Values  f o r  
t h e  average v e g e t a t i o n  h e i g h t  h and s t i f f n e s s  ME1 f o r  d i f f e r e n t  
v e g e t a l  covers  a r e  o b t a i n e d  from Table  6-16 which i s  based  on t h e  t a b l e  
c l a s s i f y i n g  v e g e t a l  covers  i n  t h e  "Handbook of Channel Design f o r  S o i l  
and Water Conservat ion"  (USDA, 1954) .  Using t h e  v a l u e s  given i n  colurn~ls 
(2) and ( 3 ) ,  t h e  s o l i d  l i n e s  i n  F i g u r e  6-59 a r e  o b t a i n e d  f o r  a 5 p e r c e n t  
s l o p e .  The broken l i n e s  i n  t h a t  f i g u r e  a r e  t h e  A ,  B,  C ,  D and E r e t a r d -  
ance c u r v e s .  The agreement between t h e  l i n e s  i s  v e r y  good, e s p e c i a l l y  
w i t h  regard  t o  t h e i r  shape.  Changing t h e  s l o p e  has  no e f f e c t  on t h e  
p o s i t i o n  of t h e s e  l i n e s .  



Table 6-16. Classification of vegetal covers as to degree of retardance 
(Handbook of Channel Design for Soil and Water Conservation, USDA, 1954). 

Retardanze  Average S t i f f n e s s  C a l i b r a t e d  
C la s s  Height  EEI i n  S t i f f n e s s  

h  i n  Ncwtons- Cover Type Cover Condi t ion  ME1 i n  
m i l l i m e t e r s  meters  Yewtons- 

squared meters  
squared 

(1)  (2) (3) (4) (5 (6) 

Weeping loveg ra s s  . . . .  E x c e l l e n t  s t a n d ,  t a l l ,  (average  760 mm) 200 
A 9 10 300 Yellow Lluestem 

l scl~aenium . . . . . . .  Do t a l l ,  (average  900 mm) - 
Rhodes Grass  

( A u s t r a l i a n ) .  . . . . . .  E x c e l l e n t  s t a n d  (average  690 mm) 140 

Kikuyu Grass  . . . . . . .  E x c e l l e n t  s t a n d  I ave rage  420 mm) 47 

Kudzu . . . . . . . . . .  Very dense  growth, uncut  
Bermudagrass . . . . . . .  Good s t a n d ,  t a l l ,  ( ave rage  300 mm) 
Na t ive  g r a s s  mixture  

( l i t t l e  b lues tem,  b lue  
grama, and o t h e r  l ong  and 
s h o r t  midwest g r a s s e s  . . Good s t a n d ,  unmoved 

. . . .  20 Weeping loveg ra s s  Good s t a n d ,  t a l l ,  (average  600 mm) 

. . . .  Lespedeza s e r i c e a  Good s t a n d ,  n o t  woody, t a l l  
(average  500 mm) 

. . . . . . . . .  A l f a l f a  Good s t a n d ,  uncu t ,  (average  275 nun) 
. . . .  Weeping loveg ra s s  Good s t a n d ,  mowed, (average  330 mm) 

. . . . . . . . . .  Kudzu Dense growth.  uncu t  
. . . . . . . .  Blue g r a m  Good s t a n d ,  uncu t ,  (average  330 mm) 

B lueg ra s s  ( A u s t r a l i a n )  . . ( ave rage  340 mm) 
. . . . . . . . . .  D a l l a s  Uncut (average  760 mm) 

A f r i c a n  S t a r  
. . . . . .  ( A u s t r a l i a n )  (average  290 mm) 

Crabgrass  . . . . . . . .  F a i r  s t a n d ,  uncut  (250-1200 mm) 
Bermudagrass . . . . . . .  Good s t a n d ,  mowed (average  150 mm) 
Common lespedeza  . . . . .  Good s t a n d ,  uncut  (average  280 mm) 
Grass-legume mixture--Summer 

. 5  (o r cha rd  g r a s s ,  r e d t o p ,  
I t a l i a n  r y e g r a s s ,  and 

. . . .  common l c s p r d r z n )  Good s t a n d ,  uncut  (100 t o  125 mm) 
. . . . . .  Cen t ipedeg ra s s  Very dense  cover  (average  150 mm) 

Kentucky b l u e g r a s s  . . . .  Good s t a n d ,  headed (150 t o  300 mm) 

Bermudagrass . . . . . . .  Good s t a n d ,  c u t  t o  64 mm .15  
. . . . .  Common l e s p e d e z ~  E x c e l l e n t  s t a n d ,  uncu t  ( ave rage  l l h  mm) .10 

. . . . . . .  Buf fa log ra s s  Good s t a n d ,  uncut  (75 t o  150 nun) .16  
.05  Grass-legume m i x t u r e - - f a l l ,  

s p r i n g  (Orcha rdg ra s s ,  red-  
t o p ,  I t a l i a n  r y c g r a s s ,  and 
common lespedeza  . . . .  Good s t a n d ,  uncut  (100 t o  125 mm) .07 

. . . .  Lespedeza s e r i c e a  A f t e r  c u t t i n g  t o  50  mm Very good s t a n d  .015 
Kikuyu ( A u s t r a l i a n )  . . .  A f t e r  c u c t i n g  t o  107 mm .17 
Kentucky Bluegrass  . . . .  Cut t o  75 mm .10 

.005 Bemudagrass  . . . . . . .  
Bermudagrass . . . . . . .  

Good s t a n d ,  c u t  t o  38 mm h e i g h t  
Burned s t u b b l e  

Cote: Covers c l a s s i f i e d  have been t e s t e d  i n  expe r imen ta l  channe l s .  
Covers were nreen and g e n e r a l l y  unl form.  



Curve H(mm) MEI (N -m2)  

1 910 300 

2 610 20 
3 300 0.5 

0.005 

F i g u r e  6-59. Comparison of r e t a r d a n c e  c u r v e s .  

F i g u r e  6-60 i s  a  p l o t  of n  v e r s u s  VR f o r  p a r t i c u l a r  v e g e t a t i o n  
wi th  s l o p e  a s  t h e  v a r i e d  q u a n t i t y .  As can be s e e n ,  f o r  s l o p e s  above 
5  p e r c e n t  t h e  model produces l i n e s  of n  v e r s u s  VR which c o i n c i d e ,  b u t  
f o r  s m a l l e r  s l o p e s  t h e r e  i s  a  s u b s t a n t i a l  i n c r e a s e  i n  Manning's n.  
Th is  i s  s i m i l a r  t o  t h e  k e s u l t  ob ta ined  by Ree and Crow (1977) when t h e y  
compared t h e  r e t a r d a n c e  curves  f o r  Sudan g r a s s  o r  a  5 p e r c e n t  and .1 
p r e c e n t  s l o p e .  F i g u r e  6-61 i s  a  reproduc t ion  of t h e i r  F i g u r e  57. The 
v a l u e s  o f  Manning's n  d i f f e r  by a l a r g e  f a c t o r .  

What Lhe above d i s c u s s i o n  p o i n t s  o u t  i s  t h a t  t h e  n  v e r s u s  VR 
curves  a r e  v a l i d  on ly  over  a  s p e c i f i c  range of c o n d i t i o n s  a s  determined 
by t h e  r e l a t i v e  v a l u e s  of s l o p e  and PLEI. I t  i s ,  t h e r e f o r e ,  sugges ted  
t h a t  t h e  n-VR method e v e n t u a l l y  be abandoned i n  f a v o r  o f  t h e  new 
approach.  Fur thermore,  wi th  t h e  advent  of programmable c a l c u l a t o r s  and 
compact computers,  it i s  probably  b e t t e r  t o  determine the flow c a p a c i t y  
numer ica l ly .  

Computational Procedure  

Given v a l u e s  f o r  v e g e t a t i o n  h e i g h t  h,  s t i f f n e s s  PIEI, s lope  S ,  and 
dep th  yn ,  t h e  v e l o c i t y  of f low may be c a l c u l a t e d  u s i n g  t h e  fo l lowing  
work s h e e t .  



1.0 - I I 

Sensilivily to Slope 

Slope = 0.0001 -0.20 

h = 100mm 
ME1 = 0.1 N-mZ 

-- -- . 
C 

U) 

0.1 - .- 
C C 

S 

Vy, m2/s 

F i g u r e  6-60. E f f e c t  of s l o p e  on r e s i s t a n c e .  

F i g u r e  6-61. Retardance c u r v e s  f o r , S u d a n  g r a s s  (Ree and Crow, 1977) .  
E n g l i s h  u n i t s .  



Work Sheet:  

INPUTS : 

Grassed Channels 

he ight  of g ra s s :  f t  x .3048 
i n  x .0254 

s t i f f n e s s :  (from Table 2)  
channel s lope :  f t / f t ,  m/m 
depth: f t  x .3048 

OUTPUTS : 

average boundary shear  - To - yynS = 

shear  v e l o c i t y  U, = Jgyns = 

c r i t i c a l  shear  s t r e s s  

u, gbcrit = minimum of 0 .0 .28 + 6 . 3 3  [ I I E I ] ~  = 

0.23 [PlEI] 0.106 - - 

Minimum = 

cl .assif  i c a t i o n  

de f l ec t ed  g ra s s  he ight  .251hll.59 - 
k = 0.14h - 

i f  h  l e s s t h a n  k , s e t  k = h  k = 
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APPENDIX 6A 



F i g u r e  6A-1 .  V a r i a t i o n  o f  h y d r a u l i c  r a d i u s  R with d e p t h  d .  
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F i g u r e  6A-2. V a r i a t i o n  of average  width  w w i t h  we t ted  p e r i m e t e r  p .  
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Figure 6A-3. Variation of wetted perimeter p with discharge q and 
type of channel. 
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Figure 6 A - 4 .  Variation o f  average width w with top width 
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Figure 6A-5. Variation of hydraulic radius r with discharge 
q and type of channel, all data. 

Figure 6A-6. Variation of area of water cross section a with 
discharge q and type of channel. 



2 Figure  6A-7 .  V a r i a t i o n  of average v e l o c i t y  v  w i t h  R S ,  I n d i a  d a t e .  

2 F i g u r e  6A-8. V a r i a t i o n  of average v e l o c i t y  v wi th  R S and t y p e  
of channel ,  a l l  d a t a .  , 
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CHAPTER 7 

SEDIMENT TRANSPORT 

7.1 INTRODUCTION 

Sediment is a major problem in control and utilization of surface 
waters. Various sediment problems are often encountered in design of 
irrigation and drainage canals, improvement or stabilization of rivers 
and floodways for navigation and in flood control, planning and design 
of reservoirs, maintenance of harbor channels, beach erosion, purifica- 
tion of public water supplies, and control of soil' erosion on watershed 
areas. 

This chapter is concerned with the basic ideas and findings upon 
which knowledge of sedimentation is based. Also methods of measurement 
and estimation of the sediment discharge of streams are reviewed and 
referenced. 

Terminoloev 

A number of terms are frequently found in literature include 

Bed layer. A flow layer, several grain diameters thick (usually 
two grains diameters) immediately above the bed. 

~edload . Sediment that moves by saltation (jumping), rolling, or 
sliding in the bed layer. 

Bedload discharge (or bedload). The quantity of bed load passing 
a cross section of a stream in a unit of time. 

Bed material (or bed sediment). The sediment mixture of which the 
streambed is composed 

Bed-material discharge (or bed-material load). That part of the 
total sediment discharge that is composed of grain sizes found in the 
bed and is equal to the transport capability of the flow. 

Contact load. Sediment particles that roll or slide along in 
almost continuous contact with the streambed. 

Density of water-sediment mixture. ~ u l k  density which is mass per 
unit volume including both water and sediment. 

Discharge weighted concentration. Dry weight of sediment in a unit 
volume of stream discharge, or the ratio of discharge of dry weight of 
sediment to discharge by weight of water sediment mixture. 

Fine material load (or wash load). That part of the total sediment 
load that is composed of particle sizes finer than those represented in 
the bed. Normally the fine-sediment load is finer than, 0.062 mrn for a 
sand-bed channel. Silts. clavs and sand' could be considered as wash 
load in coarse gravel and' cobbie bed channels. 



Load ( o r  sediment l o a d ) .  Sediment t h a t  i s  b e i n g  moved by a  s t ream.  

S a l t a t i o n  l o a d .  Sediment bounced a long  t h e  s t ream bed by energy 
and t u r b u l e n c e  o f  f low and by o t h e r  moving p a r t i c l e s .  

Sediment ( o r  f  l u v i a l  sed iment ) .  Fragmental  m a t e r i a l  t h a t  
o r i g i n a t e s  from wea ther ing  of rocks  and i s  t r a n s p o r t e d  b y ,  suspended i n ,  
o r  d e p o s i t e d  by w a t e r .  

Sediment c o n c e n t r a t i o n  (by weight  o r  by volume). Q u a n t i t y  of 
sediment r e l a t i v e  t o  q u a n t i t y  of t r a n s p o r t i n g  o r  suspending f l u i d ,  o r  
f lu id - sed iment  mix ture .  Quan t i ty  may be by weight  o r  by volume. 

~ e d i h e n t  d i s c h a r g e  ( o r  sediment l o a d ) .  Q u a n t i t y  o f  sediment  t h a t  
i s  c a r r i e d  p a s t  any c r o s s  s e c t i o n  o f  a  s t ream i n  a  u n i t  o f  t i m e .  
Discharge may be  l i m i t e d  t o  c e r t a i n  s i z e s  o f  sediment  o r  t o  d i s c h a r g e  
through a  s p e c i f i c  p a r t  of t h e  c r o s s  s e c t i o n .  

Sediment y i e l d .  T o t a l  sediment ou t f low from a  watershed o r  a  
d ra inage  a r e a  a t  a  p o i n t  of r e f e r e n c e  and i n  a  s p e c i f i e d  t ime p e r i o d .  
This  i s  e q u a l  t o  t h e  sediment d i s c h a r g e  from t h e  d r a i n a g e  a r e a .  

S p a t i a l  c o n c e n t r a t i o n .  Dry weight  of sediment p e r  u n i t  volume of 
water-sediment mix ture  i n  p l a c e ,  o r  t h e  r a t i o  of d r y  weigh t  of sediment 
t o  t o t a l  weight  o f  water-sediment  mix ture  i n  a  sample o r  u n i t  volume of 
t h e  mix ture .  

Veloci ty-weighted sediment c o n c e n t r a t i o n .  Dry weight  of sediment 
d i scharged  through a  c r o s s  s e c t i o n  d u r i n g  u n i t  t ime .  

Suspended l o a d  ( o r  suspended sed iment ) .  Sediment t h a t  i s  suppor ted  
by upward components o f '  t u r b u l e n t  c u r r e n t s  and s t a y s  i n  suspens ion  f o r  
an a p p r e c i a b l e  l e n g t h  o f  t i m e .  

Suspended-sediment d i s c h a r g e  ( o r  suspended l o a d ) .  Q u a n t i t y  of 
suspended sediment p a s s i n g  through a  s t ream c r o s s  s e c t i o n  above t h e  bed 
l a y e r  i n  a  u n i t  of t i m e .  

T o t a l  sediment d i s c h a r g e .  T o t a l  sediment  d i s c h a r g e  of a  s t ream.  
I t  i s  t h e  sum of suspended-sediment d i s c h a r g e  and bedload d i s c h a r g e  o r  
t h e  sum of  bed m a t e r i a l  d i s c h a r g e  and wash l o a d  d i s c h a r g e .  

- 

T o t a l  sediment l o a d  ( o r  t o t a l  l o a d ) .  T o t a l  sediment  l o a d  of a 
s t ream.  I t  i s  t h e  sum of suspended l o a d  and bedload o r  t h e  sum of 
bed-mate r ia l  l o a d  and wash l o a d .  

Wash-load d i s c h a r g e  (wash l o a d ) .  Tha t  p a r t  o f  t o t a l  sediment 
d i s c h a r g e  t h a t  i s  composed of p a r t i c l e  s i z e s  f i n e r  t h a n  t h o s e  
r e p r e s e n t e d  i n  t h e  bed and i s  determined by a v a i l a b l e  bank and upslope 
supply r a t e .  

Armoring of t h e  bed .  N a t u r a l  e q u i l i b r i u m  of  t h e  bed reached a f t e r  
t h e  f i n e  m a t e r i a l  i s  t r a n s p o r t e d  away by t h e  f low r e s u l t i n g  i n  t h e  
development of a  t h i n  l a y e r  of c o a r s e r  p a r t i c l e s  a t  t h e  bed s u r f a c e .  

S i z e  f requency d i s t r i b u t i o n .  s e e  Appendix 7A. 



F a c t o r s  A f f e c t i n g  Sediment T r a n s p o r t a t i o n  and D e p o s i t i o n  

The amount o f  m a t e r i a l  t r a n s p o r t e d  o r  d e p o s i t e d  i n  t h e  s t ream under 
a  g i v e n  set  of  c o n d i t i o n s  i s  t h e  r e s u l t  o f  t h e  i n t e r a c t i o n  of two groups 
of v a r i a b l e s .  The f i r s t  group i s  composed of v a r i a b l e s  t h a t  i n f l u e n c e  
q u a n t i t y  and q u a l i t y  o f  sediment b rought  down t o  t h a t  s e c t i o n  o f  t h e  
s t r e a m .  The second group c o n s i s t s  of v a r i a b l e s  t h a t  i n f l u e n c e  t h e  
c a p a c i t y  o f  t h e  s t ream t o  t r a n s p o r t  t h a t '  sediment .  A l i s t  of t h e s e  
v a r i a b l e s  is  g iven  below. 

G r o u ~  1 - Sediment Brought Down t o  t h e  Stream 

Q u a l i t y .  S i z e ,  s e t t l i n g  v e l o c i t y ,  s p e c i f i c  g r a v i t y ,  shape ,  
r e s i s t a n c e  t o  wear ,  s t a t e  o f  d i s p e r s i o n ,  and cohesion.  

Q u a n t i t y .  Geology and topography of wa te r shed ,  magnitude,  
i n t e n s i t y ,  d u r a t i o n ,  d i s t r i b u t i o n ,  and season  o f  r a i n f a l l ,  s o i l  condi-  
t i o n ,  v e g e t a l  cover ,  c u l t i v a t i o n  and g r a z i n g ,  s u r f a c e  e r o s i o n  and bank 
c u t t i n g .  

G r o u ~  2 - C a ~ a c i t v  of Stream t o  T r a n s ~ o r t  Sediment 

G e o m e t r i c ' P r o p e r t i e s  o r  Shape of Stream Pr ism.  Depth,  w i d t h ,  form, 
and a l ignment .  

Hydrau l ic  P r o p e r t i e s  of t h e  Stream Channel. S l o p e ,  roughness ,  
h y d r a u l i c  r a d i u s ,  d i s c h a r g e ,  v e l o c i t y ,  v e l o c i t y  d i s t r i b u t i o n ,  tu rbu-  
l e n c e ,  t r a c t i v e  f o r c e ,  f l u i d  p r o p e r t i e s ,  and u n i f o r m i t y  of d i s c h a r g e .  

These v a r i a b l e s  a r e  n o t  a l l  independent  and i n  some c a s e s  t h e  
e f f e c t  o f  a  v a r i a b l e  i s  n o t  d e f i n i t e l y  known. Exper ience  has  shown t h a t  
it i s  n o t  p o s s i b l e  t o  a c c u r a t e l y  compute a  long-term r e c o r d  o f  t h e  f low 
o f  a  s t ream from o t h e r  d a t a .  I t  i s  most p r a c t i c a b l e  t o  measure t h e  
d i s c h a r g e  over  a  l o n g  p e r i o d  o f  t ime  and record  t h e  r e s u l t s .  I n  a  
s i m i l a r  way, it is  d i f f i c u l t  t o  compute t h e  supp ly  o f  sediment  t h a t  w i l l  
be b rought  down t o  t h e  s t ream because  of complexi ty  o f  t h e  v a r i a b l e s  
invo lved .  The most a c c u r a t e  method t o  make such i n f o r m a t i o n  a v a i l a b l e  
i s  t o  measure t h e  sediment f low over  a  c o n s i d e r a b l e  t ime  p e r i o d .  A few 
of t h e  more commonly used methods f o r  de te rmin ing  sediment  y i e l d  were 
summarized by a n  ASCE Task Committee (1970).  

The v a r i a b l e s  i n  t h e  second group t h a t  d e a l  w i t h  c a p a c i t y  o f  t h e  
s t ream t o  t r a n s p o r t  s o l i d s  a r e  more s u b j e c t  t o  mathemat ical  a n a l y s i s  and 
p r e d i c t i o n .  These v a r i a b l e s  a r e  c l o s e l y  ' r e l a t e d  t o  t h e  h y d r a u l i c  
v a r i a b l e s  c o n t r o l l i n g  t h e  c a p a c i t y  of s t reams  t o  c a r r y  w a t e r  which i n  
t u r n  a r e  c l o s e l y  r e l a t e d  t o  t h e  f o r d s  of bed roughness of s t r e a m s  and 
t h e i r  r e s i s t a n c e  t o  f low.  Here in ,  t h e  sediment t r a n s p o r t  e q u a t i o n s  t h a t  
determine t r a n s p o r t  c a p a c i t y  o f  s t reams  w i l l  be  d i s c u s s e d .  !3 i n c e  wash 
l o a d  i s  l a r g e l y  determined by t h e  a v a i l a b l e  ups lope  supp ly  r a t e  which i s  
c o n t r o l l e d  by t h e  v a r i a b l e s  of t h e  f i r s t  group,  a t  b e s t  a  sediment 
t r a n s p o r t  e q u a t i o n  can t o  p r e d i c t  o n l y  t h e  bed m a t e r i a l  l o a d .  

There  i s  no c l e a r  d i s t i n c t i o n  between wash load  and bed m a t e r i a l  
l o a d .  A s  a  r u l e  of thumb, e n g i n e e r s  assume t h a t  bed-mate r ia l  l o a d  s i z e  



i s  e q u a l  t o  o r  g r e a t e r  than  0.0625 mm which i s  t h e  d i v i s i o n  p o i n t  
between sand and s i l t .  The sediment load  c o n s i s t i n g  o f  g r a i n  s i z e s  l e s s  
t h a n  t h i s  s i z e  i s  cons idered  wash l o a d .  A more reasonab le  c r i t e r i o n  
a l though  n o t  n e c e s s a r i l y  t h e o r e t i c a l l y  c o r r e c t ,  i s  t o  choose a  sediment 
s i z e  f i n e r  t h a n  10 p e r c e n t  o f  t h e  bed sample a s  t h e  d i v i d i n g  s i z e  
between wash load  and bed m a t e r i a l  l o a d .  I t  i s  assumed t h a t  most of t h e  
wash l o a d  i s  t r a n s p o r t e d  through t h e  system by s t reamflow and l i t t l e  
wash l o a d  i s  d e p o s i t e d  on o r  i n  t h e  s t ream bed.  .Wash load  t h u s  
d e p o s i t e d  w i t h  t h e  c o a r s e  m a t e r i a l  i s  u s u a l l y  a  s m a l l  f r a c t i o n  of t h e  
bed m a t e r i a l .  

The sum of bed m a t e r i a l  l o a d  and wash l o a d  becomes t h e  t o t a l  
sediment l o a d .  S i n c e  t h e  s e d i m e n t - t r a n s p o r t  e q u a t i o n s  can determine 
merely t h e  bed m a t e r i a l  l o a d ,  t o t a l  sediment load  can be  p r e d i c t e d  on ly  
i f  t h e  wash l o a d  i s  e s t i m a t e d  by measurement, e m p i r i c a l l y ,  o r  by 
a n a l y t i c a l  r e l a t i o n s .  

Types of Sediment Movement 

Sediment p a r t i c l e s  a r e  t r a n s p o r t e d  by f low i n  one o r  a  combination 
of t h e  fo l lowing  ways: 1) r o l l i n g  o r  s l i d i n g  on t h e  bed ( s u r f a c e  
c r e e p ) ,  2 )  l e a p i n g  i n t o  t h e  flow and coming t o  rest on t h e  bed 
( s a l t a t i o n ) ,  and 3 )  suppor ted  by t h e  su r rounding  f l u i d  d u r i n g  i t s  
e n t i r e  motion ( s u s p e n s i o n ) .  

There  i s  no c l e a r  d i s t i n c t i o n  between s a l t a t i o n  and suspens ion .  
However, t h i s  d i s t i n c t i o n  i s  impor tan t  f o r  it s e r v e s  t o  d e l i m i t  two 
methods of h y d r a u l i c  t r a n s p o r t a t i o n  which f o l l o w  d i f f e r e n t  laws i . e . ,  
t r a c t i o n  and suspens ion .  Of course ,  sediments  may be  t r a n s p o r t e d  
p a r t i a l l y  a s  s a l t a t i o n  and t h e n  suddenly be caught  by t h e  f low tu rbu-  
l e n c e  and t r a n s p o r t e d  i n  suspens ion .  Sediments which move a s  s u r f a c e  
c reep  o r  s a l t a t i o n  and a r e  suppor ted  by t h e  bed,  a r e  c a l l e d  bed l o a d .  
Sediments which a r e  suspended and suppor ted  by f low,  a r e  c a l l e d  
suspended l o a d .  

7 . 2  TRANSPORT CONCEPTS 

Bed Load 

When t h e  flow over  movable boundar ies  o f  a  channel  has  h y d r a u l i c  
c o n d i t i o n s  t h a t  exceed t h e  c r i t i c a l  c o n d i t i o n  f o r  motion o f  t h e  bed 
m a t e r i a l ,  sediment  t r a n s p o r t  s t a r t s .  I f  t h e  motion of e n t r a i n e d  
p a r t i c l e s  i s  one of r o l l i n g ,  s l i d i n g ,  and sometimes jumping i n  t h e  bed 
l a y e r ,  t h i s  ' i s  commonly r e f e r r e d  t o  a s  bedload t r a n s p o r t  o r  c o n t a c t  
l o a d .  

Genera l ly  t h e  amount of bed load  t r a n s p o r t e d  by a  l a r g e  r i v e r  i s  i n  
t h e  o r d e r  of 5  t o  25 p e r c e n t  of t h e  suspended l o a d .  Although t h e  amount 
of bed l o a d  may be  s m a l l  compared w i t h  t o t a l  sediment  l o a d ,  it i s  
impor tan t  because  i t  shapes  t h e  bed and i n f l u e n c e s  channel  s t a b i l i t y ,  
bed roughness form, and o t h e r  f a c t o r s .  

DuBoys i n i t i a t e d  t h e  i d e a  of t h e  bed s h e a r  stress o r  t r a c t i v e  f o r c e  
i n  t h e  a n a l y s i s  o f  bed load  a s  e a r l y  a s  1879. S i n c e  t h e n  numerous bed 
load  e q u a t i o n s  f o r  r e l a t i n g  t h e  bedload d i s c h a r g e ,  f low c o n d i t i o n ,  and 



composi t ion of t h e  bed m a t e r i a l  have been proposed.  Many o f  t h e s e  
e q u a t i o n s  look s i m i l a r  because t h e y  a r e  d e r i v e d  under c o n d i t i o n s  o f  
s t e a d y  f low i n  graded channe l s  and t h u s  a r e  o n l y  a p p l i c a b l e  under  t h e s e  
c o n d i t i o n s .  There  i s  a  g r e a t  need f o r  r e s e a r c h  concerning t h e  t r a n s p o r t  
of sediment  when flow i s  uns teady ,  nonuniform, and b o t h  s lowly  and 
r a p i d l y  v a r y i n g  w i t h  t i m e .  

Formulas W r i t t e n  a s  a  Func t ion  of (q  - qc i  

Many bed l o a d  e q u a t i o n s  a r e  based on e x c e s s  s h e a r  s t r e s s  i . e . ,  
to-tc, o r  

TO I C  
. F o r  example t h e  DuBoy's r e l a t i o n  

Replacing ( t )  by (q)  it i s  p o s s i b l e  t o  e x p r e s s  t h e s e  formulas  
i n  a  more e f f i c i e n t  form f o r  d i r e c t  u s e .  The Manning's formula  

o r  i n  m e t r i c  u n i t s  

f o r  wide channe l s  can be  t ransformed t o  

S u b s t i t u t i n g  to  from Equat ion 7 - 3  i n  Equa t ion  7-1 y i e l d s  

where q i s  t h e  a c t u a l  wa te r  d i s c h a r g e  p e r  u n i t  wid th  and q  i s  t h e  
d i s c h a r g e  p e r  u n i t  width  a t  channel  s l o p e  S where sediment  € r a n s p o r t  

C b e g i n s .  

Bed l o a d  e q u a t i o n s  w i t h  t h e  g e n e r a l  form of  Equa t ion  7 - 4  and 
e q u a t i o n s  t h a t  u t i l i z e  average v e l o c i t y  have been proposed by v a r i o n s  
r e s e a r c h e r s .  I n  f a c t ,  a  l a r g e  number of such fo rmulas  have been 
p u b l i s h e d  b u t  o n l y  a  few a r e  d i s c u s s e d .  

S c h o k l i t s c h  (1930) s t a t e d  t h a t  t h e  average  bed s h e a r  stress i n  
DuBoy's e q u a t i o n  i s  a  poor  c r i t e r i o n  when a p p l i e d  t o  f i e l d  computat ions  
because t h e  s h e a r  d i s t r i b u t i o n  i n  t h e  channel  c r o s s  s e c t i o n  i s  nonuni- 
form. He sugges ted  two e q u a t i o n s .  F i r s t  i n  1934 h e  d e f i n e d  a  c r i t i c a l  
v a l u e  qc f o r  t h e  d i s c h a r g e  a f t e r  which sediment  motion b e g i n s  a s  

(";)In m e t r i c  u n i t s  t h i s  formula t a k e s  t h e  form 



and u s i n g  t h i s  v a l u e  he  sugges ted  

t o  compute t h e  bed l o a d .  Equat ion 7-6 i s  w r i t t e n  i n  m e t r i c  u n i t s  and 

qbw r e p r e s e n t s  t h e  sediment d i s c h a r g e  on a d r y  weight  ' b a s i s .  Subse- 
q u e n t l y ,  S c h o k l i t s c h  (1950) modified h i s  f i r s t  formula and proposed t h e  
r e l a t i o n  

where 
y: 513 D ~ / ~  s 

c = 0 .26  (-) - 
Y s7/6 

Mever-Peter. Mul ler  Formula 

Meyer-Peter and Muller (1948) ,  based on exper iments  w i t h  sand 
p a r t i c l e s .  of uniform s i z e s ,  sand p a r t i c l e s  of mixed s i z e s ,  n a t u r a l  
g r a v e l ,  l i g n i t e ,  and b a r y t a  developed a formula s i m i l a r  i n  form t o  t h e  
DuBoy's formula .  

The mechanics o f  sediment t r a n s p o r t  i s  exp la ined  i n  d i f f e r e n t  
manners by d i f f e r e n t  a u t h o r s .  The s t o c h a s t i c  approach was worked o u t  by 
E i n s t e i n .  Ka l inske  (1942) and F r i j l i n k  and Elderman (1961) a t t empted  t o  
determine t h e  amount of s h e a r  t a k e n  by s o l i d  p a r t i c l e s  i n  t h e i r  move- 
ment. Meyer-Peter assumed t h a t  energy s l o p e  i s  a c h a r a c t e r i s t i c  of 
i n t e r a c t i o n  between s o l i d  and l i q u i d  motion o f  a sediment  l a d e n  f low.  
A given p o r t i o n  o f  t h e  energy i s  consumed f o r  s o l i d  t r a n s p o r t  and t h e  
remaining f o r  l i q u i d  motion.  A second assumption o f  Meyer-Peter i s  t h a t  
s i m i l a r  parameters  govern sediment t r a n s p o r t  and t h e  b e g i n n i n g . o f  motion.  
The r e s u l t s  u t i l i z i n g  t h e s e  assumptions a r e  s i m i l a r  t o  DuBoyfs b u t  t h e  
method of  s o l v i n g  problems i s  d i f f e r e n t .  

Meyer-Peter and M u l l e r ' s  Sediment T r a n s p o r t  Formula 

The f i r s t  sediment  t r a n s p o r t  formula p r e s e n t e d  by Meyer-Peter was 

i n  which q," i s  t h e  submerged weight of t h e  t r a n s p o r t e d  sediment t h a t  

e q u a l s  y ' / y  and c l  and c2 a re .  pa ramete rs .  I t  should be  no ted  t h a t  
q s  

t h e  r e l a t i o n s  
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and 7.8a a r e  w r i t t e n  a s  func t ions  of 
qbw (5; ) 

D 
. m 

I f  t h e  motion of water i n  a  conduit  i s  considered,  t h e  r e s i s t a n c e  
t o  flow can be expressed i n  d i f f e r e n t  forms. Meyer-Peter used 
S t r i c k l e r ' s  formula and a  compound r e s i s t a n c e  c o e f f i c i e n t  k  i . e . ,  

S 

Considering only t h e  r e s i s t a n c e  due t o  s k i n  f r i c t i o n  Equation 7-9 t akes  
t h e  form 

9 

S = uL 
r  kr2~s413 

and 

Combining Equations 7-8b and 7-8a and not ing  t h a t  both r e l a t i o n s  a r e  a  

2/3s2/3 
qbw func t ion  of - one ob ta ins  

Meyer-Peter assumed t h a t  s i n c e  t r a n s p o r t  i s  mostly governed by s k i n  
f r i c t i o n  

The va lue  of Sr can be obtained from Equation 7-9 and 

(")Equation 7-8a i n  i t s  e a r l i e s t  form was w r i t t e n  a s :  

A t  t h a t  time Meyer-Peter thought t h a t  an o v e r a l l  parameter may 
govern both ,  t h e  beginning of motion and sediment t r a n s p o r t .  



Comparing Equat ion 7-13 and 

I t  should be noted t h a t  i n  Equat ion 7-14 qs 213 i s  a f u n c t i o n  of 113 
S .  

and i n  Equa t ion  7-13 t h e  same q u a n t i t y  i s  a f u n c t i o n  of S.  Hence, S 
i n  Equat ion 7-13 r e p r e s e n t s  t h e  t o t a l  energy l o s s  due t o  sediment  t r a n s -  
p o r t  and l i q u i d  motion b u t  i n  Equat ion 7-14 S i s  on ly  r e l a t e d  t o  
l i q u i d  motion.  Noting t h a t  t h e  sediment t r a n s p o r t  i s  mos t ly  r e l a t e d  t o  
s k i n  f r i c t i o n  it i s  p o s s i b l e  t o  w r i t e  

where S i s  t h e  energy l o s s  due t o  wa te r  and sediment t r a n s p o r t  and S r 
is  t h e  energy used t o  t r a n s p o r t  t h e  s o l i d s .  S u b s t i t u t i n g  Equa t ion  7-15 
i n  Equat ion 7-12 y i e l d s  

From E q u a t i o n 7 - 1 1  413 s ~ / ~ .  S u b s t i t u t i n g  t h i s  v a l u e  i n  
Equat ion 7- 16 r 

I t  should be noted t h a t  Equat ion 7-14 shows t h a t  ks /kr  has  a n  
exponent of 2 .  Hence t h e  exponent of (k  / k r )  v a r i e s  between 413 and 
2 .  I f  t h e  mean v a l u e '  (312) e x p r e s s e s  t h e  phenomenon c o r r e c t l y  t h e n  

This  e q u a t i o n  c o r r e c t e d  accord ing  t o  exper imenta l  r e s u l t s  i s  

Then s u b s t i t u t i n g  

A" = 0.047,  B" = 0.25 and y '  = ys - y 

Equat ion 7-19 y i e l d s  



Figure 7-1 illustrates the usefulness of this relation. For a very 
wide cross section R = d and if ks = kr Equation 7-20 can be 

S 
expressed as 

From Equation 7 - 2 1  

and when qiw = 0 

This relation defines the beginning of motion according to Meyer-Peter, 
Muller. Equation 7-22  can be written in a dimensionless form as 

where 

Figure 7-1 .  Meyer-Peter's bed load function. 

On the other hand if 

/ 

(+:)Using the same parameters it is possible to write 

qiw Einstein transport formulas Q?; = 7 . 312 

and PU, 

U,Dm 
where Rk = 7 

and Kalinske's formula qiw - = t  

PU, 
3 



The DuBoys' formula is 
- qbv - - xc)k 

The similarity between these two expressions is self evident. 
tions of variables and the meaning of symbols in Equation 
summarized 

3 Y = Specific weight of water (T/m ) 

k = Roughness coefficient according to Strickler 
S 

k 
S 

k = Roughness coefficient due to skin friction and 
r 

by Strickler as 

Equation 7-28 was transformed by Meyer-Peter and Muller to 

(7-27) 

Def ini- 
7-20 are 

is given 

(7-28) 

(7-29) 

to express the roughness due t0.a nonuniform bed material. 

R = Hydraulic radius of the bed (m) 
S 

S = Energy gradient 

D = Representative diameter of bed material, defined as m 
i 
1 DiA 

4 p = Specific mass of water (ton . sec/m ) 
qi = Rate of sediment discharge weighed under water ( ~ / m ~  

sec/m) 

Equation 7-20 has been coverted to English units by the 
Sedimentation Section, U.S. Bureau of Reclamation (1960). Methods and 
procedures to aid in the use of the USBR formulas have been developed. 
The USBR formulas are summarized. The relation for sediment transport 
is 



where q  i s  t h e  sediment d i s c h a r g e  i n  t o n s  p e r  day p e r  f o o t  wid th ,  
Q '  i s  k ~ e  wate r  d i s c h a r g e  q u a n t i t y  t h a t  de te rmines  t h e  bed load 
t r a n s p o r t ,  Q i s  t h e  t o t a l  wa te r  d i s c h a r g e ,  and D90 

and Dm a r e  i n  
m i l l i m e t e r s .  The q u a n t i t y  n  i s  g iven  by b  

2  d  
n  

B ' 312 213 ( r e c t a n g u l a r  channe l )  (7-32) n  = 1 + - 1 - ( )  1 )  

2  112 2 d ( l  + z ) 
n 

nb = "(1 + B 
[ I  - (:)312] l 2 l3  ( t r a p e z o i d a l  (7-33) 

channe 1 )  

where n ,  n , and n  a r e  roughness c o e f f i c i e n t s  o f  t h e  t o t a l .  channe l ,  
t h e  bed ,  and) t h e  bank%, r e s p e c t i v e l y ,  B i s  t h e  t o p  w i d t h ,  and z  d e f i n e s  
t h e  s i d e  s l o p e ,  t h e  r a t i o  of h o r i z o n t a l  d i s t a n c e  t o  one u n i t  v e r t i c a l l y .  
The q u a n t i t y  Q i / Q  i s  g iven  by 

and 
2  'I2 n 312 -1 

c= [ I +  
Q 

2d(1 + ) (2) ] ( t r a p e z o i d a l  channe1)(7-35) B "b 

F o r  wa te r  and q u a r t z  p a r t i c l e s ,  Equat ion 7-31 reduces  t o  

I f  t h e  v a l u e s  of Q ,  d ,  S ,  B, n ,  n  , and t h e  g r a i n  s i z e  d i s t r i b u t i o n  of 
bed m a t e r i a l  a r e  g i v e n ,  t h e  bedloa2 can be  computed u s i n g  Equa t ion  7-31 
o r  Equ.ation 7-36. 

D i s c u s s i o n  of Meyer-Peter,  Mul ler  Formula 

Appl ied t o  s t a b l e  wa te r  courses  t h e  Meyer-Peter formula can g i v e  
s a t i s f a c t o r y  e s t i m a t e s  of sediment t r a n s p o r t  f o r  sand and g r a v e l  
m a t e r i a l .  The Meyer-Peter,  Miiller formula i s  based on two fundamental  
assumptions  

1. The exper imenta l  sediment t r a n s p o r t  formula  i s  based on 

2 ' 3 ~ ) ,  which i s  changed t o  qbw 2/3s2/3 (qbw 



k 3 / 2  
S 2.  The exponent f o r  t h e  r a t i o  ( i ;) u t i l i z e d  i n  Equa t ion  7-17 

i s  chosen a r b i t r a r i l y .  r 

When t h e  v a r i a t i o n  o f  k i s  between r a t h e r  narrow limits t h e  exponent 
3 r 

(-1 g i v e s  a c c e p t a b l e  approximat ions .  But when k i n c r e a s e s  towards 2 r 
i t s  extreme v a l u e s  t h e  d i f f e r e n c e s  between observed and measured 
sediment d i s c h a r g e  a r e  l a r g e  and r e s u l t s  a r e  q u e s t i o n a b l e .  

E i n s t e i n ' s  Bed Load Eaua t ion  

E i n s t e i n  (1942, 1950) depar ted  from t h e  concep t s  of t h e  DuBoys-type 
and S c h o k l i t s c h - t y p e  e q u a t i o n s .  H i s  p h y s i c a l  t r e a t m e n t  of t h e  problem 
cons idered  a t  l e a s t  two b a s i c  i d e a s  which b reak  w i t h  t h e  p a s t :  1 )  t h e  
c r i t i c a l  c r i t e r i o n  was avo ided ,  because t h e  c r i t i c a l .  c o n d i t i o n  f o r  
i n i t i a t i o n  of sediment motion i s  d i f f i c u l t  t o  d e f i n e  and 2) bed load  
t r a n s p o r t  i s  r e l a t e d  t o  t h e  t u r b u l e n t  f low f l u c t u a t i o n s  r a t h e r  t h a n  t o  
t h e  average  v a l u e s  of f o r c e s  t h e  flow e x e r t s  on t h e  sediment  p a r t i c l e s .  
Consequently,  t h e  beginning and ending of sediment motion i s  expressed  
w i t h  t h e  concept  of p r o b a b i l i t y ,  which r e l a t e s  i n s t a n t a n e o u s  hydro- 
dynamic l i f t  f o r c e s  t o  t h e  p a r t i c l e ' s  submerged weight .  

Based on exper iments ,  E i n s t e i n  found t h a t  t h e r e  e x i s t s  an  i n t i m a t e  
r e l a t i o n s h i p  between t h e  bed m a t e r i a l  and t h e  bed l o a d .  

1. 'A s t e a d y  and i n t e n s i v e  exchange o f  p a r t i c l e s  e x i s t  between t h e  
bed m a t e r i a l  and t h e  bed l o a d .  

2 .  P a r t i c l e s  a r e  t r a n s p o r t e d  a long  t h e  bed i n  a  s e r i e s  o f  s t e p s .  
The average  s t e p  l e n g t h  i s  p r o p o r t i o n a l  t o  t h e  p a r t i c l e  s i z e .  
A p a r t i c u l a r  p a r t i c l e  does n o t  s t a y  i n  motion c o n t i n u o u s l y ,  
b u t  i s  d e p o s i t e d  on t h e  bed a f t e r  a  few s t e p s .  

3 .  The r a t e  of d e p o s i t i o n  p e r  u n i t  a r e a  depends on t h e  t r a n s p o r t  
r a t e  p a s t  a  g iven s e c t i o n  a s  w e l l  a s  t h e  p r o b a b i l i t y  t h a t  t h e  
hydrodynamic f o r c e s  a r e  such t h a t  t h e  p a r t i c l e  may be  
d e p o s i t e d .  On t h e  o t h e r  hand, t h e  r a t e  o f  e r o s i o n  from t h i s  
a r e a  depends on t h e  number and p r o p e r t i e s  o f  p a r t i c l e s  i n  t h e  
u n i t  a r e a  and t h e  p r o b a b i l i t y  t h a t  i n s t a n t a n e o u s  hydrodynamic 
l i f t  f o r c e  on each  p a r t i c l e  i s  s u f f i c i e n t l y  l a r g e  t o  move i t .  
For  s t a b l e  bed c o n d i t i o n s ,  t h e  r a t e  o f  d e p o s i t i o n  must be 
e q u a l  t o  t h e  r a t e  o f  e r o s i o n .  

The number o f  p a r t i c l e s  of s i z e  D t h a t  a r e  d e p o s i t e d  over  a  u n i t  
a r e a  p e r  u n i t  t ime  can be expressed  a s  

where qbw 
i s  t h e  bed load  d i s c h a r g e  i n  weight  p e r  u n i t  t ime  and wid th .  

The v a l u e .  of qbw can be  subdivided i n t o  f r a c t i o n s  i accord ing  t o  Bw 
p a r t i c l e  s i z e .  The r a t e  a t  which t h e  g iven  s i z e  moves th rough  a  u n i t  
width  o f  channel  c r o s s  s e c t i o n  i s  (qbwiBw).  P a r t i c l e s  w i t h  a  g iven  
d iamete r  D a r e  assumed t o  b e  performing i n d i v i d u a l  s t e p s  of average  



l eng th  (ALD). These p a r t i c l e s  may be deposi ted anywhere between t h e  
given s e c t i o n  and (A D) downstream, because by pass ing  t h e  given s e c t i o n  
they have a l r eady  k a v e l e d  an unknown p a r t  of t h e  t o t a 1 3 s t e p  l eng th  
(ALD). The weight of such a  p a r t i c l e  i s  given by (ySA2D ), thus  t he  
number of such p a r t i c l e s  deposi ted pe r  u n i t  time on a  u n i t  a r ea  of bed 
can be expressed as  Equation 7-37. 

Whether o r  not  a  p a r t i c l e  of s i z e  D w i l l  be  eroded from t h e  bed 
su r f ace  depends on the  a v a i l a b i l i t y  of t h e  p a r t i c l e  and on t h e  flow 
cond i t i ons .  I f  t h e  f r a c t i o n  of t h e  bed sediment of a given s i z e  D i s  
i then t h e  numb r of such p a r t i c l e s  i n  a  u n i t  a r ea  of bed s u r f a c e  i s  bw ' 2 .  
given by i /(AID ) with A1 being the  cons tan t  of t h e  g r a i n  a r e a .  bw 
I f  p / t l  i s  t h e  p r o b a b i l i t y  of such a  p a r t i c l e  being eroded during a  
u n i t  t ime,  t h e  number of p a r t i c l e s  eroded pe r  u n i t  time and a rea  i s  

where t i s  the  time consumed by each exchange and p i s  t h e  
p r o b a b i l i l y  f o r  a  p a r t i c l e  t o  be eroded a t  any one s p o t ,  which cor re-  
sponds t o  t h e  f r a c t i o n  of t h e  t o t a l  time during which t h e  l o c a l  flow 
condi t ions  a r e  s u f f i c i e n t  t o  remove the  p a r t i c l e .  No d i r e c t  method i s  
a v a i l a b l e  f o r  determining exchange t ime.  ~ x ~ e r i m e n t a l '  evidence sugges ts  
t h a t  t h i s  quan t i t y  i s  a  c h a r a c t e r i s t i c  cons tan t  of t h e  p a r t i c l e  only and 
i s  p ropor t iona l  t o  t h e  time necessary f o r  t he  p a r t i c l e  t o  s e t t l e  i n  t he  
f l u l d  a t  a d i s t ance  equal  t o  i t s  own s i z e  (E ins t e in ,  1942) 

(7-39.) 

The f a l l  v e l o c i t y  was computed a f t e r  Rubey (1933) a s  

S u b s t i t u t i n g  t h i s  va lue  of w Equation 7-40 y i e l d s  

where A = 1.225 f o r  qua r t z  p a r t i c l e s  g r e a t e r  than 1 mm and s e t t l i n g  i n  
water  wizh a  temperature of 16OC. 

The p r o b a b i l i t y  of a  p a r t i c l e  being eroded during a  u n i t  time was given 
a s  

= E 
Ps t l  

Then s u b s t i t u t i n g  t h i s  va lue  of tl i n  Equation 7-42 y i e l d s  



and 

For e q u i l i b r i u m  t h e  number of p a r t i c l e s  eroded must e q u a l  t h e  number 
d e p o s i t e d  i . e . ,  

Then 

q and 4Du /- i s  c a l l e d  4 .  The term 4 i s  t h e  t r a n s p o r t  
s gY;D 

r a t e  f u n c t i o n  i . e . ,  

The term @ can b e  expressed  a s  
I 

P r o b a b i l i t y  of e r o s i o n  p a s  d e f i n e d  above may a l s o  be  i n t e r p r e t e d  
w i t h  a l l  p o i n t s  o f  t h e  bed s t a t i s t i c a l l y  e q u i v a l e n t  a s  t h e  f r a c t i o n  of 
t h e  bed on which a t  any t i m e  t h e  l i f t  on a p a r t i c l e  of a given d iamete r  
D i s  s u f f i c i e n t  t o  cause  i t  t o  move. With t h i s  i n t e r p r e t a t i o n  p  may 
be used t o  c a l c u l a t e  t h e  d i s t a n c e  A D t h a t  a  p a r t i c l e  t r a v e l s  between 
consecu t ive  p l a c e s .  I f  p  i s  s m a h ,  d e p o s i t i o n  of t h e  p a r t i c l e  i s  
p o s s i b l e  a lmost  anywhere and AL . equa l s  a  g e n e r a l  c o n s t a n t  A t h a t  has  
a  v a l u e  o f  abou t  100. However, I£ p i s  n o t  s m a l l ,  d e p o s i t i o n  cannot  
occur  on t h a t  p a r t  p  - o f  t h e  bed where t h e  l i f t  f o r c e  exceeds  t h e  
p a r t i c l e  weight .  Thus, (1-p) p a r t i c l e s  a r e  d e p o s i t e d  and p  p a r t i c l e s  

3 .  (*)The paramete r  f?-- IS sometimes c a l l e d  t h e  s e d i m e n t a t i o n  parameter  
3 u p  

"Diametre sedimentalogiquet '  i n  French.  T h i s  term i s  encounte red  i n  
many f i e l d s  o f  sediment t r a n s p o r t  and p a r t i c u l a r l y  i n  e q u i l i b r i u m  
formulas .  



a r e  no t  deposi ted a f t e r  t r a v e l i n g  AD. qf t h e s e ,  p(1-p) p a r t i c l e s  a r e  
deposi ted a f t e r  t r a v e l i n g  2AD while p p a r t i c l e s  a r e  s t i l l  not  
depos i ted ,  and so on. By averaging the  d i s t ances  t r a v e l e d  by 
ind iv idua l  ? a r t i c l e s ,  t h e  t r a v e l  d i s t ance  can be expressed a s  

The p r o b a b i l i t y  of a  g r a i n  making t h e  (n+l)  jump i s  ( l -p )npn(c+ l ) .  

Then 

and 

a, 
n  AD ALD = I ( l -p )  p  (n+l )  AD = - 

n=O 1-P 

S u b s t i t u t i n g  Equation 7-49 f o r  ALD i n  Equation 7-46 and sepa ra t ing  
p  y i e l d s  t h e  r e l a t i o n  

*lA3 where 4,: = - 
A2A 

The term @ a s  s t a t e d  e a r l i e r  i s  recognized a s  t h e  i n t e n s i t y  of 
bedload t r a n s p o r t ,  o r  t h e  t r a n s p o r t  r a t e  func t ion  t h a t  i s  a  dimension- 
l e s s  measure of bedload t r a n s p o r t  and i s  independent of stream s i z e .  I f  
@ i s  equal  i n  two d i f f e r e n t  f lows,  t h e  two r a t e s  of bedload t r a n s p o r t  
a r e  dynamically s i m i l a r .  

P r o b a b i l i t y  That t h e  L i f t  Force Is L a r i e r  Than t h e  Submerged Weight 
of t h e  P a r t i c l e  

As previous ly  mentioned, t h e  p r o b a b i l i t y  p  i s  t h e  p r p b a b i l i t y  of 
a  p a r t i c l e  being eroded, and hence i s  a l s o  the  p r o b a b i l i t y  t h a t  t h e  
hydrodynamic l i f t  f o r c e  L on t h e  p a r t i c l e , i s  l a r g e r  than i t s  submerged 
weight 



The l i f t  f o r c e  i s  expressed a s  

E i n s t e i n  and El-Samni (1949) determined t h a t  t h e  l i f t  c o e f f i c i e n t  CL 
has  a c o n s t a n t  v a l u e  of 0 .178.  

The f low v e l o c i t y  i s  based on t h e  l o g a r i t h m i c  v e l o c i t y  d i s t r i b u t i o n  
formula (Equat ion 7-55) (+) 

% = 5 . 7 5  l o g  (30.2  i) w;,. (7-54) 

where u;; i s  t h e  s h e a r  v e l o c i t y  due t o  g r a i n  roughness and e q u a l s  w, R i  i s  t h e  bed h y d r a u l i c  r a d i u s  a s s o c i a t e d  w i t h  t h e  g r a i n  
roughness ,  A i s  t h e  apparen t  roughness of t h e  bed s u r f a c e  and e q u a l s  
ks/x w i t h  ks E D and x i s  determined from F i g u r e  7-2 f o r  v a l u e s  

65 ' 
of ks/6 = 1 1 . 6  v/U.,-. 

Comparing Equat ion 7-54 w i t h  Equat ion 7-55(+),  i t  may be observed 
t h a t  u,- i s  r e p l a c e d  by u;:. Also,  i t  may be  r e c a l l e d  t h a t  t h e  t o t a l  
r e s i s t a * c e  t o  f low i s  composed of two p a r t s ,  s u r f a c e  d r a g  and form drag .  
Transmiss ion of s h e a r  t o  t h e  boundary i s  accompanied,by a t r a n s f o r m a t i o n  
of f low energy i n t o  tu rbu lence  energy.  The p a r t  o f  t h e  energy c o r r e s -  
ponding t o  g r a i n  roughness i s  t ransformed i n t o  t u r b u l e n c e  t h a t  remains 
f o r  a s h o r t  t ime  i n  t h e  immediate v i c i n i t y  of t h e  g r a i n s  and has  a g r e a t  
e f f e c t  on t h e  bed l o a d .  

F i g u r e  7 - 2 .  C o r r e c t i o n  f a c t o r  i n  t h e  l o g a r i t h m i c  v e l o c i t y  d i s t r i b u t i o n .  

u (-:< ) - = 
u, 5.75 l o g  ( 3 0 . 2  x)  (7-55) 

S 



Whereas, t h e  o t h e r  p a r t  of t h e  energy cor responding  t o  form r e s i s t a n c e  
i s  t rans formed  i n t o  t u r b u l e n c e  a t  t h e  i n t e r f a c e  between t h e  wake and 
f r e e  s t reamflow o r  a t  a  c o n s i d e r a b l e  d i s t a n c e  from t h e  g r a i n s .  T h i s  
energy does n o t  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  bedload motion of t h e  
p a r t i c l e s .  T h e r e f o r e ,  it has  l i t t l e  e f f e c t  on bed load  t r a n s p o r t a t i o n  
and e x p l a i n s  t h e  reason  v e l o c i t y  d i s t r i b u t i o n  n e a r  a  sediment  g r a i n  i n  
t h e  bed s u r f a c e  i s  d e s c r i b e d  by Equat ion 7-54. 

From exper iments ,  it i s  found t h a t  t h e  v e l o c i t y  a c t i n g  on a l l  
p a r t i c l e s  of a  mix ture  must be  measured a t  a  d i s t a n c e  0.35X above t h e  
t h e o r e t i c a l  bed.  Then from Equa t ion  7-54,  t h i s  v e l o c i t y  becomes 

0.35X 
u = U.!. 5 . 7 5  l o g  ( 3 0 . 2  7 1 (7-56) 

2 2  X 
u2 = RiSg 5 .75  l o g  (10 .6  n) 

where X i s  t h e  c h a r a c t e r i s t i c  g r a i n  s i z e  of t h e ' m i x t u r e  w i t h  

X = 0 .77  A i f  A 1 6  > 1 - 8 0  
and 

X =  1 .39  6'  i f  A / 6 '  < 1 .80  

Using t h i s  knowledge, t h e  i n s t a n t a n e o u s  l i f t  f o r c e  may be 
determined by 

2  2 X L = 0 . 1 7 8  A ~ D '  R '  Sg 5 .75  l o g  ( 1 0 . 6  h)  ( l + ~ )  2 b  (7-59) 

where rl i s  a  parameter  t h a t  d e s c r i b e s  t h e  f l u c t u a t i o n  of v e l o c i t y  
w i t h  t i m e .  

Q u a n t i t y  p  may be expressed  a s  t h e  p r o b a b i l i t y  t h a t  Wi/L i s  
s m a l l e r  t h a n  u n i t y  i . e . ,  

where 

and 

B = 2A2 
'l 

Here q may be p o s i t i v e  o r  n e g a t i v e  b u t  t h e  l i f t  i s  always p o s i t i v e  s o  
t h a t  from Equa t ion  7-60 



Furthermore,  E i n s t e i n  (1950) suggested t h e  use  o f  two c o r r e c t i o n  f a c t o r s  
5 and Y .  Bed m a t e r i a l  p a r t i c l e s  s m a l l e r  t h a n  X a r e  concealed by 
o t h e r  p a r t i c l e s  o r  t h e  laminar  s u b l a y e r .  There fore ,  t h e  l i f t  t h e y  
exper ience  must be  c o r r e c t e d  by [. This  h i d i n g  f a c t o r  i s  a f u n c t i o n  of 
D/X and i s  ob ta ined  from F i g u r e  7-3. The o t h e r  c o r r e c t i o n  f a c t o r  Y 
d e s c r i b e s  t h e  change i n  t h e  l i f t  c o e f f i c i e n t  f o r  mix tures  of s i z e s  of 
bed m a t e r i a l  t h a t  c o n t r i b u t e s  t o  v a r i o u s  bed roughness c o n d i t i o n s .  
F igure  7-4 g i v e s  t h e  c o r r e c t i o n  Y i n  terms of D65/S. I n t r o d u c i n g  t h e  
two c o r r e c t i o n  f a c t o r s ,  Equat ion 7-61 becomes 

2 where B '  = B/fl , 8 = l o g  1 0 . 6 ,  and 5 ,  Y ,  and p2/( a r e  a l l  u n i t y  f o r  a  
uniform g r a i n  m a t e r i a l  and x  = 1. 

I f  v a r i e s  accord ing  t o  t h e  normal-error  law and i s  expressed  a s  
= q 0  w i t h  

"0 
be ing  t h e  s t a n d a r d  d e v i a t i o n ,  t h e n  qa has  t h e  

s t a n d a r d  normal d i s t r i b u t i o n  w i t h  v a l u e s  of mean and s t a n d a r d  d e v i a t i o n s  
equa l  t o  z e r o  and one,  r e s p e c t i v e l y .  Squar ing Equa t ion  7-62 and l e t t i n g  
11 = qoQk ,  one o b t a i n s  

1 
(- + q;:) 

2 2 2 B'  p2 2t,J2 
> 5 Y - (TI (7-63) 

?o qo 8.. 

F i g u r e  7-3 .  

- 
X 

Hiding f a c t o r  used i n  Equa t ion  7-33 ( a f t e r  E i n s t e i n ,  
1 9 5 n L  

F i g u r e  7-4. P r e s s u r e  c o r r e c t i o n  used i n  Equat ion 7-33 ( a f t e r  
E i n s t e i n ,  1950) .  



where B, = Bt/qo  
2 2 and C = t ~ ( f l  /p,)$. The l i m i t i n g  case of motion 

may be w h t t e n  a s  

I n  order  t o  minimize the  e r r o r s  t he  s tandard  dev ia t ion  of t he  
f l u c t u a t i o n s  defined by Equation 7-66 must be smal l ,  then  

then  
1 - -By: *;*: - - - -@ 

'10 
and 

+B?? *-;; - - # O  
'1 0 

I f  t h e  random nature  of qo s a t i s f i e s  t he  normal Gaussian e r r o r  law, 
t h e  p r o b a b i l i t y  t h a t  a  g ra in  w i l l  be l i f t e d  i s  

Equation 7-51 combined wi th  Equation 7-67 y i e l d s  

where k::, B+, and '1 a r e  un ive r sa l  cons tan ts  t o  be determined from 
experimental d a t a .  u?ing t h e  da ta  of G i l b e r t  (1916) and of Meyer-Peter 
e t  a l .  (1934) ,  A and B, were determined t o  be 43.5 and 0.143, 
r e spec t ive ly .  The va lue  of " r l  = 0 . 5  was determined by El-Samni. The 
r e s u l t i n g  f i g u r e  obtained by p?o t t i ng  Equation 7-68 i s  shown i n  F igure  
7-5. 

F igure  7-5 i s  u t i l i z e d  t o  compute bed load d ischarge .  From t h e  
given c h a r a c t e r i s t i c s  of bed sediment and flow condi t ions  t h e  va lue  of 
$.+ can be computed and the  corresponding va lue  of @ can be found 
from Figure  7-5. Then t h e  bed load d ischarge  pe r  u n i t  width f o r  a  given 
g r a i n  s i z e  

i ~ q b w  can be determined from t h e  known @ based on Equa- 

t i o n s  7-50 and 7-51. An example w i l l  be  given when de termina t ion  of t he  
t o t a l  bed ma te r i a l  load is  d iscussed .  



F i g u r e  7-5. E i n s t e i n ' s  $+; - $,: bedload f u n c t i o n  ( a f t e r  E i n s t e i n ,  
1950).  

Eaua t ions  Consider ing Bed Form Motion 

I n  t h e  lower f low regime when r i p p l e s  and dunes cover t h e  bed t h e  
r i d g e s ,  owing t o  e r o s i o n  o f  t h e  upstream and d e p o s i t i o n  on t h e  down- 
s t ream s l o p e ,  move downstream. If i t  i s  assurrled t h a t  a l l  t h e  m a t e r i a l  
moving a s  bed load  i s  i n  cont inuous  c o n t a c t  w i t h  t h e  bed ,  t h e  
d i f f e r e n t i a l  e q u a t i o n  of bed load t r a n s p o r t  over  r i p p l e  and /or  dune beds 
i s  

i n  which z i s  t h e  e l e v a t i o n  of t h e  sand bed above a  h o r i z o n t a l  datum, 

qbv i s  t h e  volume r a t e , o f  bed load  t r a n s p o r t  p e r  u n i t  wid th ,  A i s  t h e  
p o r o s i t y  of sand bed ,  and x i s  d i s t a n c e  i n  t h e  d i r e c t i o n  of f low 
(Simons , 1965). 

Using t h e  t r a n s f o r m a t i o n  

where U i s  the  v e l o c i t y  of t h e  sand wave i n  t h e  d i r e c t i o n  of f low a s  
shown i n S ~ i g u r e  7-6 and assuming t h a t  Us and qbv v a r i a t i o n s  a r e  
jndependent of t ime .  

5 
F i g u r e  7-6.  Sketch of bed l o a d a t r a n s p o r t .  



Then 

and 

S u b s t i t u t i n g  Equa t ions  7-71 and 7-72 i n t o  Equat ion 7-69 y i e l d s  

I n t e g r a t i n g  Equa t ion  7-73 g i v e s  

Not ing t h a t  K = 0 because  o f  boundary c o n d i t i o n s  and assuming t h a t  
dunes and r i p p l e s  have t r i a n g u l a r  shapes  

where A i s  t h e  average ampl i tude of sand waves. 

The d i f f e r e n t i a l  e q u a t i o n  of bed load  t r a n s p o r t  Equa t ion  7-69 was 
sugges ted  by Exner (1925) and used by Simons e t  a l .  (1965) t o  develop 
t h e  bed l o a d  e q u a t i o n  (Equat ion 7-75) .  Simons (1967) mentions t h a t  w i t h  
more s o p h i s t i c a t e d  s o n i c  equipment f o r  measuring geometry and r a t e  of 
movement o f  sand waves, t h e  t h e o r y  a s  g iven  by Equa t ion  7-75 p r o v i d e s  a n  
e x c e l l e n t  method of  de te rmin ing  t h e  r a t e  of bedload movement i n  r i v e r s  
a s  well a s  a  means of a n a l y t i c a l l y  d e f i n i n g  bed-load d i s c h a r g e .  G r e a t e r  
u s e  could  be made of t h i s  method t o  b e t t e r  unders tand  sediment  d i s c h a r g e  
and i t s  importance t o  r i v e r  h y d r a u l i c s ,  b e h a v i o r ,  and c o n t r o l .  

Bed - Load Equa t ions  Derived from S t o c h a s t i c  Models 

E i n s t e i n  (1937) developed t h e  f i r s t  s t o c h a s t i c  model t o  d e s c r i b e  
t h e  motion of a  sediment  p a r t i c l e  t h a t  moves a long  t h e  bed i n  a s e r i e s  
of a l t e r n a t i n g  t r a n s p o r t  and r e s t  p e r i o d s .  His model has  been modif ied 
by a  number o f  r e s e a r c h e r s  and s i m i l a r  models developed independen t ly  
a i d  i n  unders tand ing  bed sediment motion.  Shen,(1971) h a s  g iven  a b r i e f  
d i ~ c u s s i o n  of t h e  works of Hubbell  and Sayre  (1964) )  Sayre  and Hubbel l  
(1965), Sayre  and Conover (1967) ,  Yang (1968) ,  Grigg (1969),  and Shen 
and Todorovic (1971). 

Comparison o f  Bed Load Equa t ions  

Laursen (1956) reduced s e v e r a l  well-known bed load  e q u a t i o n s  i n t o  
t h e  fo l lowing  forms (Table 7 -1) .  



Table  7-1. O r i g i n a l  and reduced forms of bed load  e q u a t i o n s .  

R e p o r t e r  O r i g i n a l  Form Reduced Form 

DuBoys (1879) 

U.S. Waterways 
Expt.  S t a t i o n  
(1935) 

S h i e l d s  (1936) 

S c h o k l i t s c h  (1934) 

Meyer-Peter 
e t  a l .  (1934) 

Brown-Einstein 
(1950) 

I n  t h e  above e q u a t i o n s  A1 . through A8 and B1, th rough  B8 a r e  
c o n s t a n t s  and n  i s  t h e  Manning's roughness coefficient. Examining t h e  
reduced forms we can w r i t e  t h e  bed load  e q u a t i o n s  i n  t h e  g e n e r a l  form 

where K i s  a n  e m p i r i c a l  c o e f f i c i e n t  t h a t  i s  a  f u n c t i o n  of t h e  
c h a r a c t e r i s t i c s  o f  channel  and bed sediment ,  and t h e  exponents  r > 0 
and s < 0. 

Conclusion 

The g o a l  o f  bedload e q u a t i o n s  i s  t o  p r e d i c t  t h e  amount of bed l o a d  
t r a n s p o r t  i n  a  n a t u r a l  channe l .  With l i m i t e d  knowledge p r e d i c t i n g  t h e  
amount a c c u r a t e l y  i s  a n  ex t remely  d i f f i c u l t  t a s k .  Most bedload equa- 
t i o n s  were d e r i v e d  from l a b o r a t o r y  flumes and none have been thoroughly  
t e s t e d  w i t h  f i e l d  d a t a  d u e  t o  t h e  l a c k  of s u f f i c i e n t  f i e l d  d a t a ,  t h e  
c o s t ,  and measuring d i f f i c u l t y .  T h e r e f o r e ,  t h e r e  i s  no way t o  de te rmine  
t h e  accuracy  o f  a p p l y i n g  t h e  bedload e q u a t i o n s  p r e s e n t e d  h e r e  t o  l a r g e  
r i v e r s .  I n  o t h e r  words,  a  bedload e q u a t i o n  must b e  s e l e c t e d  based on 
t h e  i n v e s t i g a t o r ' s  exper ience  u s u a l l y  wi thou t  a c t u a l  bed l o a d  measure- 
ments t o  v e r i f y  i t .  

Suspended Load 

P a r t  o f  t h e  sediment t r a n s p o r t e d  by t h e  flow i n  s t reams  i s  
suspended i n  t h e  f low.  The weight  o f  t h e s e  sediment  p a r t i c l e s  i s  
con t inuous ly  suppor ted  by f l u i d .  Turbulence i s  t h e  most impor tan t  
f a c t o r  i n  suspens ion  o f  sediment .  Due t o  t h e  p a r t i c l e  we igh t  t h e r e  i s  



s e t t l i n g  t h a t  i s  coun te r -ba lanced  by i r r e g u l a r  motion of t h e  f l u i d  
p a r t i c l e s  i n t r o d u c e d  through t u r b u l e n t  v e l o c i t y  components. 

Most e a r l i e r  s t u d i e s  concerned w i t h  suspens ion  of sediment  a r e  
unaccep tab le  when cons idered  i n  r e l a t i o n  t o  t h e  p r e s e n t  knowledge of 
f l u i d  motion.  G e n e r a l l y  a c c e p t a b l e  a s p e c t s  of suspended sediment  t r a n s -  
p o r t  w i l l  be d i s c u s s e d  i n  subsequent  s e c t i o n s .  

General  C o n s i d e r a t i o n s  

The suspended load  d i s c h a r g e  p e r  u n i t  width  of channel  qS 
f o r  

two-dimensional f low i s  g iven  by t h e  r e l a t i o n s  

and 
d 

where and C a r e  t h e  t ime-averaged flow v e l o c i t y  and c o n c e n t r a t i o n ,  
r e s p e c t i v e l y ,  a t  d i s t a n c e  y  above t h e  bed and a  i s  t h e  bed l a y e r  
t h i c k n e s s .  I n  Equa t ion  7-83a C i s  t h e  sediment c o n c e n t r a t i o n  by 
volume and q  i s  c a l c u l a t e d  a s  t h e  volume of sediment  p e r  u n i t  t ime 
and wid th .  hvereas  i n  Equa t ion  7-83b q  i s  i n  weight  p e r  u n i t  t ime 

S and wid th .  The d i s c h a r g e  of sediment T o r  t h e  e n t i r e  s t r e a m  c r o s s  
s e c t i o n  Q i s  o b t a i n e d  by i n t e g r a t i n g  Equat ion 7-83 over  t h e  c r o s s  
s e c t i o n .  ' h e n  

- 
where C i s  t h e  average  suspended sediment c o n c e n t r a t i o n  by volume. 

To i n t e g r a t e  Equa t ion  7-83 u  and C must be e x p r e s s e d  a s  a  
f u n c t i o n  of y .  Turbu len t  v e l o c i t y  d i s t r i b u t i o n  over  a  movable bed i s  
a f f e c t e d  by sediment  c o n c e n t r a t i o n .  I t  w i l l  be s e e n  l a t e r  t h a t  t h e  
d i s t r i b u t i o n  of sediment  c o n c e n t r a t i o n  i s  a l s o  c l o s e l y  r e l a t e d  t o  
t u r b u l e n t  v e l o c i t y .  I n  o t h e r  words,  d i s t r i b u t i o n s  o f  t h e s e  two 
v a r i a b l e s  a r e  c l o s e l y  i n t e r r e l a t e d .  To app ly  t h e  t u r b u l e n t  t h e o r y  t o  
t h e  d e t e r m i n a t i o n  of sediment c o n c e n t r a t i o n  e i t h e r  t h e  t u r b u l e n t  
v e l o c i t y  d i s t r i b u t i o n  i n  c l e a r  wa te r  i s  assumed o r  some c o r r e c t i o n  
f a c t o r s  a r e  a p p l i e d  t o  t h e  v e l o c i t y  d i s t r i b u t i o n  t o  account  f o r  
i n t e r a c t i o n .  

It shou ld  be p o i n t e d  o u t  t h a t  on ly  t h a t  p a r t  of suspended load  
composed of bed-mate r ia l  load  can be e v a l u a t e d  by a p p l y i n g  sediment  
t r a n s p o r t  t h e o r y ,  s i n c e  t h e  wash l o a d  t r a n s p o r t  i s  determined by t h e  
a v a i l a b l e  ups lope  supp ly  r a t e .  ,Thus ,  t h e  r e l a t i o n s h i p s  d e r i v e d  i n  t h e  
f o l l o w i n g  s e c t i o n s  f o r  de te rmin ing  sediment  c o n c e n t r a t i o n  and suspended 
l o a d  a r e  r e s t r i c t e d  t o  bed m a t e r i a l  l o a d .  



Suspended Sediment Movement Under Equilibrium Conditions 

Exchange Theory. Due to turbulent velocity fluctuations there is a 
continuous exchange of sediment particles across any arbitrary layer in 
the flow. In steady two-dimensional flow if the sediment concentration 
is steady and uniform (in the direction of flow), the average concentra- 
tion at any level will be constant and the net average sediment flow 
through a layer parallel to the bed will be zero. Consider a unit area 
parallel to and at a distance y from the bed. The sediment is of 
uniform size and falling under the influence of gravity at fall velocity 
w so the average rate of settling through the unit area is 

where C ' is the time-averaged concentration at y. To maintain an 
equilibrium profile, the quantity of sediment settling must be balanced 
by the upward sediment flow due to 
7-85 with 

gives 

Integrating Equation 7-86 yields 

C = C exp (-w J Y 9) a E a s 

where C is a concentration of a 
level y = a above the bed. This 
(1933) expression for the vertical 

diffusion. Then combining Equation 

sediment with fall velocity w at 
equation is the OtBrien-Christiansen 
distribution of suspended sediment. 

The equation states that concentration is greatest at .the bottom 
and smallest at the water surface. In order to determine the value of 
C at a given y, Ca and the variation of E with y must 'be known. 

S 

For a two-dimensional steady uniform flow in an open channel 1 at 
distance y above the bed can be expressed as 

If the velocity distribution u(y) is known, cs can be expressed as a 
function of y by means of Equations 7-84 and 7-88, and the Equation 
7-87 can be solved for C. 

Velocity distribution used with the sediment distribution 
relation may be a measured or calculated distribution. A convenient 
expression for u is the well-known Prandtl-von Kirmin velocity rela- 
tion 2 2  d u 2  

= PK Y 



From Equa t ions  7-83,  7-88, and 7-89, it f o l l o w s  t h a t  

and from Equa t ion  7-84 

Equa t ions  7-90 and 7-91 i n d i c a t e  t h a t  cm and E e q u a l  z e r o  a t  t h e  
s u r f a c e  and bed,  and a t t a i n  maximum v a l u e s  a t  midsdepth.  S u b s t i t u t i n g  
Equa t ion  7-91 i n t o  Equat ion 7-86 (assuming a  l i n e a r  d i s t r i b u t i o n  f o r  
s h e a r ) ,  Equa t ion  7-88 and i n t e g r a t i n g  y i e l d s  

C - [ d - y  a  ] z l  - -  -- 
C a  

y d - a  

where 
W 2 = -  

1 $KU, 
( 7 - 9 3 )  

Equa t ion  7-92 known a s  t h e  suspended sediment d i s t r i b u t i o n  e q u a t i o n  was 
p r e s e n t e d  by Rouse (1937) .  

F i g u r e  7-7 shows a  fami ly  of curves  o b t a i n e d  by p l o t t i n g  Equa t ion  
7-92 f o r  d i f f e r e n t  v a l u e s  of t h e  exponent z For  low v a l u e s  of z 

1 ' 1 t h e  sediment  d i s t r i b u t i o n  i s  n e a r l y  uniform whereas f o r  l a r g e  z v a l u e s  
1 l i t t l e  sediment  i s  found n e a r  t h e  wa te r  s u r f a c e .  The p a r t i c l e  s i z e ,  

s p e c i f i c  g r a v i t y ,  and shape expressed  a s  a f a l l  v e l o c i t y  w i s  d i r e c t l y  
r e l a t e d  t o  t h i s  d i s t r i b u t i o n  of suspended sed iment .  

F i g u r e  7-7 

, 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Rclatwe concentralron. E, 
Graph of suspended load  d i s t r i b u t i o n  e q u a t i o n  f o r  
and s e v e r a l  v a l u e s  of z ( a f t e r  V a n o n i , ' l 9 4 1 ) . .  

1 



E i n s t e i n ' s  Approach 

One of t h e  most widely recognized methods used t o  compute suspended 
sediment load is  t h e  one proposed by E i n s t e i n  (1950). A s s h i n g  f3 = 1 
and K = 0 . 4  ( f o r  c l e a r  water)  and rep lac ing  U w i th  U-L t h e  shea r  
v e l o c i t y  due t o  g r a i n  roughness ( a s  explained be fo re ,  s e e   ation ion 7-54) 
i n  Equation 7-92 t h e  expression f o r  z can be reduced t o  

1 

z = z =  W 

1 0 . 4 U.!. (7-94) 

Again r e c a l l  Equation 7-83b 

- 
where C i s  t h e  sediment concent ra t ion  by volume of mixture.  
Expressing C by weight,  s u b s t i t u t i n g  t h e  concent ra t ion  d i s t r i b u t i o n  
Equation 7-92 i n t o  Equation 7-83b, and expressing the  v e l o c i t y  wi th  t h e  
logar i thmic  v e l o c i t y  d i s t r i b u t i o n  r e l a t i o n  (Equation 7-54), y i e l d s  

where A i s  a co r r ec t ion  f a c t o r ,  given i n  Figure 7-2. Replacing a by 
t h e  dimensionless r a t i o  E = a /d ,  and using d t o  normalize y y i e l d s  
t h e  r e l a t i o n  1 

1 Z 

+ 0 . 4 3 4  1 (a)  I n  y dy] 
E 

Since it was no t  poss ib l e  t o  i n t e g r a t e  t h i s  equat ion  E i n s t e i n  
rewrote Equation 7-96 a s  

and numerical ly  i n t e g r a t e d  the  terms 11, and I2 f o r  va r ious  E and z 
va lues  where 



and 

The v a l u e s  of I1 and I2 i n  terms of E  f o r  v a l u e s  of z can be 
o b t a i n e d  from F i g u r e s  7-8 and 7-9.  

E i n s t e i n  (1950) assumed t h a t  t h e  bed l a y e r  t h i c k n e s s  i s  a  = 2D 
and w i t h i n  t h i s  l a y e r  t h e  suspens ion  of m a t e r i a l  i s  i m p o s s i b l e .  
However, t h i s  bed m a t e r i a l  i s  t h e  s o u r c e  of t h e  suspended load  and t h e  
lower l i m i t  o f  t h e  r e f e r e n c e  c o n c e n t r a t i o n  C . a  

From bedload t h e o r y  t h e  bedload r a t e  a t  which t h e  g i v e n  s i z e  D 
moves th rough  u n i t  wid th  of channel  c r o s s  s e c t i o n  i s  i . Assuming 
t h e  average  v e l o c i t y  o f  bed load  i s  

U~ ' t h e  weight  ~ g ; ~ 3 a r t i c l e s  of 
a  g iven  s i z e  p e r  u n i t  a r e a  i s  i q  / u  and t h e  average  c o n c e n t r a t i o n  Bw bw B  
i n  t h e  l a y e r  i s  iBwqbw/ (uBa).  Then t h e  assumption i s  made t h a t  t h e  

c o n c e n t r a t i o n  i n  t h e  bed l a y e r  i s  c o n s t a n t  because  t h e  l a y e r  i s  o n l y  two 
d i a m e t e r s  t h i c k .  However, a  c o r r e c t i o n  f a c t o r  A5 i s  u t i l i z e d  

A i q  
5 B B  c = -  

a  a' u  B  

The v e l o c i t y  u  i s  unknown. By s e t t i n g  ug a UI E i n s t e i n  (1950) 
u s i n g  experiment& r e s u l t s  e s t a b l i s h e d  t h a t  A5 = 1111.6 and s u b s t i t u t -  
i n g  t h i s  v a l u e  i n  Equat ion 7-99 o b t a i n e d  

The e q u a t i o n  f o r  suspended load  d i s c h a r g e  f o r  each  f r a c t i o n  i q  i s  
d e r i v e d  from Equa t ions  7-97 and 7-100 i . e . ,  SS  S W '  

where 
3O.2d PE = 2.303 l o g  - A 

This  e q u a t i o n  r e l a t e s  bedload t r a n s p o r t  t o  s u s ~ e n d e d - l o a d  t r a n s p o r t  f o r  
a l l  s i z e  f r a c t i o n s  f o r  which t h e  bed-load f u n c t i o n  e x i s t s .  

Equa t ion  7-101a i s  d imens iona l ly  homogeneous and may be  so lved  
u s i n g  any c o n s i s t e n t  system of  u n i t s .  The u n i t s  o f  q a r e  we igh t  p e r  
u n i t  t i m e  and wid th .  s 

T o t a l  Load 
\ 

A s  d e f i n e d  e a r l i e r  t h e  t o t a l  l o a d  is  t h e  sum o f  bedload and 
suspended load  o r  t h e  sum of bed m a t e r i a l  load  and wash l o a d .  A t  low 



Figure  7-8. Funct ion I1 i n  terms o f  E f o r  va lues  o f  z ( a f t e r  

E i n s t e i n ,  1950).  



F i g u r e  7-9.  Func t ion  I2 i n  terms of E f o r  v a l u e s  of Z ( a f t e r  

E i n s t e i n ,  1950) .  



t r a n s p o r t  r a t e s  where most of t h e  sediment moves i n  c o n t a c t  w i t h  t h e  bed 
I o r  i n  shal low f low,  t h e  bed load  may approximate t h e  t o t a l  l o a d .  

Conversely ,  i n  a  deep r i v e r  such a s  t h e  M i s s i s s i p p i  bedload may on ly  
t o t a l  10-20% of  t h e  t o t a l  load .  

I n  r e s e a r c h  work bed m a t e r i a l  load  and wash load  i n  a  uniform flow 
i s  normal ly  d e a l t  w i t h  s e p a r a t e l y  because  t h e  wash load  i s  determined by 
a v a i l a b l e  upslope supp ly  r a t e  and cannot  be  p r e d i c t e d  by t h e  t r a n s p o r t  
c a p a c i t y  of t h e  s t r e a m .  Thus, on ly  t h e  bed m a t e r i a l  load  t h a t  i s  made 
up of t h o s e  s o l i d  p a r t i c l e s  c o n s i s t i n g  o f  g r a i n  s i z e s  r e p r e s e n t e d  i n  t h e  
bed can be p r e d i c t e d  by summing up t h e  bedload and t h e  suspended load .  
Note t h a t  t h i s  suspended l o a d  does n o t  i n c l u d e  t h e  wash l o a d .  

Besides  t h e  i n d i r e c t  d e t e r m i n a t i o n  of bed m a t e r i a l  l o a d  by t h e  
a d d i t i o n  .of two f r a c t i o n s ,  t h e  bed m a t e r i a l  load  can be  e s t i m a t e d  
by o t h e r  methods. 

I n d i r e c t  Determinat ions  of Bed M a t e r i a l  Load 

The i n d i r e c t  approach of de te rmin ing  t h e  bed m a t e r i a l  l o a d  by 
summing up bedload and suspended load  was i n i t i a t e d  by E i n s t e i n  (1950).  
A s  p r e v i o u s l y  mentioned t h e r e  i s  no s h a r p  l i n e  d i v i d i n g  bedload and 
suspended l o a d .  However, a t  l e a s t  two p o i n t s  war ran t  t h i s  d i v i s i o n :  1) 
t h e  d i f f e r e n c e s  i n  forms of t r a n s p o r t  r e q u i r e s  two p h y s i c a l l y  d i f f e r e n t  
models, and 2) t h e  two l o a d s  a r e  measured by d i f f e r e n t  methods. The bed 
load  i s  measured u s i n g  s u i t a b l e  t r a p s  p laced  on o r  i n  t h e  bed and t h e  
suspended load  i s  measured by sampling t h e  water-sediment  mix ture .  

E i n s t e i n ' s  Bed Load Func t ion .  The bed load  f u n c t i o n  i s  d e f i n e d  by 
E i n s t e i n  a s  a  f u n c t i o n  t h a t  e s t i m a t e s  t h e  r a t e  a t  which flow of any 
magnitude i n  a  g iven  channel  w i l l  t r a n s p o r t  t h e  i n d i v i d u a l  sediment 
s i z e s  of which t h e  channel  bed i s  composed. Following E i n s t e i n ' s  
d e f i n i t i o n s  and concep t s ,  bed load  f o r  a  bed m a t e r i a l  t h a t  i s  of s i z e  D 
is  

i ~ w ~ b w  

Suspended bed m a t e r i a l  load  i s  

and bed m a t e r i a l  load  i s  t h e  sum of  suspended and bed m a t e r i a l  l o a d s .  
More s p e c i f i c a l l y  

where i i , and isw a r e  s p e c i f i c  pe rcen tages  of suspended, bed and 
t o t a l  l&hs byor t h e  g lven  bed m a t e r i a l  s i z e  D. U t i l i z i n g  Equa t ions  
7-101b(*) and 7-103 



where PE i s  a  t r a n s p o r t  parameter,  and I1 and I a r e  i n t e g r a l s  
def ined by Equation 7-98 and evaluated i n  F igures  7-8 an!  7-9. Bed load 
d ischarge  i J3wqbw 

can be obtained from t h e  compared wi th  $.,. 
r e l a t i o n  given I n  Figure 7-5. The r e l a t i o n s  f o r  eva lua t ing  bed load and 
suspended load t o  e s t a b l i s h  E i n s t e i n ' s  bed load func t ion  (Equation 
7-10h) have been ex tens ive ly  discussed i n  previous s e c t i o n s .  The 
quan t i t y  q i s  expressed a s  a  dry weight pe r  u n i t  t ime and width. 
Equation 7-154 i s  dimensionally homogeneous and any c o n s i s t e n t  system of 
u n i t s  may be used. 

Applicat ion of E i n s t e i n ' s  bed load func t ion  i s  complicated and 
labor ious  f o r  p r a c t i c a l  use.  In  t h e  o r i g i n a l  paper ,  E i n s t e i n  (1950) 
gave a  d e t a i l e d  sample c a l c u l a t i o n .  An example w i l l  be presented  l a t e r .  
E i n s t e i n ' s  method represents  one of t h e  most d e t a i l e d  and comprehensive 
t rea tment  of bed ma te r i a l  t r a n s p o r t  from a  f l u i d  mechanics view po in t  
t h a t  i s  c u r r e n t l y  a v a i l a b l e .  

D i rec t  Determinations of Bed Mater ia l  Discharge 

I n  genera l  researchers  be l i eve  t h a t  bed ma te r i a l  load i s  the  
summation of f r a c t i o n a l  loads .  Despi te  t h i s  f a c t  a  group of i n v e s t i -  
ga to r s  f e e l  t h e r e  i s  no need t o  d i s t i n g u i s h  bed load from suspended 
load ,  s i n c e  t h e  hydraul ic  fo rces  involved a r e  t he  same f o r  both types of 
t r a n s p o r t  and th ickness  of bed l a y e r  o r  proper dmarcation between the  
bed load and suspended load i s  d i f f i c u l t  t o  de f ine .  Also, d i r e c t  
approaches have some advantage over i n d i r e c t  approaches because of 
s i m p l e r a p p l i c a t i o n  procedures e s p e c i a l l y  f o r  those  r e l a t i o n s h i p s  based 
upon a v a i l a b l e  d a t a .  This procedure e l imina te s  ques t ionable  assumptions 
involved i n  r a t i o n a l  approaches. Furthermore, an empir ica l  r e l a t i o n s h i p  
between sediment r a t e  and flow i s  r e l a t i v e l y  easy t o  apply and can 
provide t h e  design engineer  with an e s t ima t ion  t h a t  i s  of t h e  c o r r e c t  
order  of magnitude. This i s  assuming the  problem i n  ques t ion  f a l l s  
wi th in  t h e  range of condi t ions  used t o  e s t a b l i s h  t h e  empir ica l  
r e l a t i o n s .  

I n  developing an empir ica l  r e l a t i o n s h i p ,  important v a r i a b l e s  such 
a s  t h e  flow r a t e  of water ,  t h e  depth o r  hydraul ic  r ad ius ,  t h e  energy 
s lope ,  and the  p r o p e r t i e s  of f l u i d  and sediment must f i r s t  be s e l e c t e d .  
Whether o r  no t  a l l  t h e s e  f a c t o r s  must be included i n  t h e  a n a l y s i s  i s  
s u b j e c t  t o  i n t e r p r e t a t i o n .  I n  t h e  ana lys i s  r e l a t i v e  s e n s i t i v i t i e s  of 
v a r i a b l e s  should be considered.  For example, t h e r e  i s  a  genera l  r u l e  
t h a t  sediment t r a n s p o r t  increases  with flow v e l o c i t y  t o  t h e  f o u r t h  power 
a t  low flow d ischarges  and t o  t h e  e igh th  power a t  h igh  flow d ischarges  
(Shen, 1971).  I t  i s  u n l i k e l y ,  t h e r e f o r e ,  t h a t  a  simple r e l a t i o n s h i p  
could be developed f o r  a l l  flow condi t ions .  Recognizing t h i s  f a c t  Colby 
(1964) developed d i f f e r e n t  sediment discharge r e l a t i o n s h i p s  w i th  flow 
0 . 1 - f t ,  1 - f t ,  1 0 - f t ,  and 100-f t  flow depths.  Shen and Hung (1971)  
cons t ruc ted  a  sediment- t ransport  parameter and determined t h e  sediment 
concent ra t ion  a s  a  func t ion  of Colby's parameter .  Subsequently,  Colby's 
and Shen and Hung's procedure w i l l  be discussed i n  more d e t a i l .  

Colby's Approach. Af te r  i n v e s t i g a t i n g  t h e  e f f e c t  of mean flow 
v e l o c i t y ,  shea r ,  shear  v e l o c i t y  computed from mean v e l o c i t y ,  stream 
power of flow, flow depth,  v i s c o s i t y ,  water temperature,  and cbncentra- 
t i o n  of f i n e  sediment on t h e  bed ma te r i a l  d i scharge  p e r  f o o t  of channel 



EXPLANATION 

F i g u r e  7-10.  R e l a t i o n s h i p  of d i s c h a r g e  o f  sands  t o  mean v e l o c i t y  f o r  
s i x  median s i z e s  of bed s a n d s ,  f o u r  d e p t h s  of f low,  and 
a  wa te r  t empera tu re  of 60°F ( a f t e r  Colby, 1964). 





width ,  Colby (1964) developed f o u r  g r a p h i c a l  r e l a t i o n s  shown i n  F i g u r e s  
7-10 and 7-11 f o r  de te rmin ing  t h e  bed m a t e r i a l  d i s c h a r g e .  I n  developing 
h i s  computat ional  curves  Colby was guided by E i n s t e i n ' s  bedload f u n c t i o n  
( E i n s t e i n ,  1950) and an  immense amount of . d a t a  from s t reams  and flumes 
(Simons and Richardson,  1966) .  However, it shou ld  be  unders tood t h a t  
a l l  cu rves  f o r  t h e  100 f t  d e p t h ,  most curves  of 10 f t  d e p t h ,  and p a r t  of 
t h e  curves  of 1 . 0  f t  and 0 . 1  f t  (F igure  7-10),  a r e  n o t  based e n t i r e l y  on 
d a t a  b u t  a r e  developed from l i m i t e d  d a t a  and t h e o r y .  

I n  u t i l i z i n g  F i g u r e s  7-10 and 7-11 t o  compute t h e  bed m a t e r i a l  
d i s c h a r g e  t h e  f o l l o w i n g  procedure  i s  proposed: 1 )  t h e  r e q u i r e d  d a t a  a r e  
mean v e l o c i t y  U ,  dep th  d ,  median s i z e  of bed m a t e r i a l  D50, wa te r  
t empera tu re  T ,  and f i n e  sediment c o n c e n t r a t i o n  Cf  and 2) u n c o r r e c t e d  

sediment d i s c h a r g e  
' ~ i  

f o r  t h e  given U ,  d ,  and D50 can be  found from 

F i g u r e  7-10 by f i r s t  r ead ing  q knowing U and D f o r  t h e  two 
dep ths  t h a t  b r a c k e t s  t h e  d e s i r e J i d e p t h .  Then a  l o g a r ? & m i c  s c a l e  of 
depth  v e r s u s  

' ~ i '  
i s  used t o  i n t e p o l a t e  i n  o r d e r  t o  de te rmine  t h e  bed- 

m a t e r i a l  d i s c h a r g e  p e r  u n i t  width  f o r  t h e  a c t u a l  d ,  U ,  and DS0; 3)  two 
c o r r e c t i o n  f a c t o r s  kl and k2 shown i n  F i g u r e  7 - l l a  and 7 - l l b ,  
r e s p e c t i v e l y ,  account  f o r  t h e  e f f e c t  o f  wa te r  t empera tu re  and f i n e  
suspended sediment on t h e  b e d m a t e r i a l  d i s c h a r g e .  I f  t h e  bed m a t e r l a l  
s i z e  f a l l s  o u t s i d e  t h e  0 . 2  t o  0 . 3  mm range ,  f a c t o r  k3 from F i g u r e  
7 . 1 1 ~  i s  a p p l i e d  t o  c o r r e c t  f o r  sediment s i z e  e f f e c t .  True sediment 
d i s c h a r g e  q c o r r e c t e d  f o r  wa te r  t empera tu re  e f f e c t ,  p resence  of f i n e  
suspended sez iment ,  and sediment  s i z e  i s  g iven  by 

As F i g u r e  7-5 shows, k = 1 when t h e  t empera tu re  i s  60°F, k  = 1 when 
1 2 t h e  c o n c e n t r a t i o n  of f i n e  sediment  i s  n e g l i g i b l e ,  and k3 = 1 when D50 

l i e s  between 0 . 2  mm and 0 . 3  mm. 

I n  s p i t e  o f .  many i n a c c u r a c i e s  i n  t h e  a v a i l a b l e  d a t a  and 
u n c e r t a i n t i e s  i n  t h e  g raphs ,  Colby found 

" . . . a b o u t  75 p e r c e n t  of t h e  sand d i s c h a r g e s  t h a t  were use,d t o  
d e f i n e  t h e  r e l a t i o n s h i p s  were l e s s  t h a n  t w i c e  o r  more t h a n  
h a l f  of t h e  d i s c h a r g e s  t h a t  were computed from t h e  g raphs  o f  
average  r e l a t i o n s h i p .  The agreement of computed and observed 
d i s c h a r g e s  o f  sands  f o r  sediment s t a t i o n s  whose r e c o r d s  were 
n o t  used t o  d e f i n e  t h e  graphs  seemed t o  be  abou t  a s  good a s  
t h a t  f o r  s t a t i o n s  whose r e c o r d s  were used." 

Bishop Approach. T h i s  approach a l t e r s  E i n s t e i n ' s  (1950) $+ 
compared w i t h  r e l a t i o n s h i p  s o  t h a t  it p r e d i c t s  bed m a t e r i a l  
d i s c h a r g e .  

I n  t h e  E i n s t e i n  p rocedure  i n t e n s i t y  o f  bed l o a d  t r a n s p o r t  i s  g iven  

and i n t e n s i t y  o f  s h e a r  on a  p a r t i c l e  i s  g iven  by 



I n  a n  a b b r e v i a t e d  form E i n s t e i n ' s  bed-load e q u a t i o n  can b e  w r i t t e n  a s  

2 
where $ = ( i i  @ and $+< = P($/f3,) $. A l l  symbols have been 
d e f i n e d  p r e v i o u s l y .  The f u n c t i o n a l  r e l a t l o n  of Equa t ion  7-106 i s  g i v e n  
by F i g u r e  7-5 which p e r m i t s  c a l c u l a t i o n  o f  bedload d i s c h a r g e  qbw. 

Bishop,  Simons and Richardson (1965) reasoned t h a t  t h e  s h e a r  
i n t e n s i t y  pa ramete r  + may b e  used t o  d i r e c t l y  p r e d i c t  i n t e n s i t y  of 
t r a n s p o r t  f o r  bed m a t e r i a l  d i s c h a r g e  T g iven  by 

i n  which qT i s  t h e  bed m a t e r i a l  d i s c h a r g e .  Based on flume d a t a  f o r  
f o u r  d i f f e r e n t  sands  a  f u n c t i o n a l  r e l a t i o n s h i p  

was e s t a b l i s h e d  and i s  shown i n  F i g u r e  7-12 i n  which t h e  s h e a r  i n t e n s i t y  
f a c t o r  i s  

Although t h e  c u r v e s  f o r  each bed m a t e r i a l  s i z e  e x h i b i t  t h e  same g e n e r a l  
t r e n d ,  t h e y  d i f f e r  by a  c o n s i d e r a b l e  d e g r e e .  These c u r v e s  may be 
g e n e r a l l y  d i v i d e d  i n t o  t h r e e  segments r e p r e s e n t i n g  1) t h e  lower l imb,  
2)  t h e  segment o f  i n f l e c t i o n ,  and 3)  t h e  upper  l imb e x c e p t  f o r  0 . 9 3  mm 
sand f o r  which upper regime d a t a  were n o t  a v a i l a b l e .  The t h r e e  segments 
correspond e x a c t l y  w i t h  t h e  lower f low regime ( r i p p l e s  and /or  d u n e s ) ,  
t r a n s i t i o n  (bed c o n f i g u r a t i o n s  rang ing  from dunes t o  p l a n e  bed o r  a n t i -  
d u n e s ) ,  and upper  f low regime (bed c o n f i g u r a t i o n s  i n c l u d i n g  p l a n e  bed,  
s t a n d i n g  waves, and a n t i d u n e s )  based on e x p e r i m e n t a l  e v i d e n c e .  The 
lower l imbs  o f  t h e  curves  a r e  s i m i l a r  i n  shape t o  E i n s t e i n ' s  - t& 
cu rve  and t h e r e f o r e  p a r t  of t h e  t h e o r e t i c a l  p r o b a b i l . i t y  curve  r e p r e -  
s e n t e d  by Equa t ion  7-67 was made t o  f i t  t h e  d a t a  by choos ing  d i f f e r e n t  
v a l u e s  o f  and R., f o r  d i f f e r e n t  s a n d s .  The r e l a t i o n  of Pqti and 
B,- t o  t h e  median d iamete r  of t h e  sand i s  g i v e n  i n  F i g u r e  7-13 which 
shows t h a t  A and R,: a r e  n o t  c o n s t a n t  a s  assumed by E i n s t e i n  (1950) 
b u t  a r e  a f u n c t i o n  of g r a i n  s i z e .  Data i n  t h e  second and t h i r d  segment 
o f  t h e  c u r v e s  cannot  b e  p r e d i c t e d  wi th  E i n s t e i n ' s  r e l a t i o n  because  i n  
t h e s e  r e g i o n s  t h e  l a r g e r  p a r t  of t h e  bed m a t e r i a l  i s  t r a n s p o r t e d  i n  
suspens ion .  

To compute t h e  bed m a t e r i a l  d i s c h a r g e  f o r  s t r e a m s  u s i n g  t h i s  
p rocedure  t h e  v a l u e  i s  c a l c u l a t e d  from a v a i l a b l e  b a s i c  d a t a  and a  
cor responding  v a l u e  of @T i s  s e l e c t e d  from F i g u r e  7-12 by i n t e r p o l a -  
t i o n .  The bed m a t e r i a l  d i s c h a r g e  i s  t h e n  g iven  by 



Figure 7-12. 

'GOO 

QT vs + ' ,  r e l a t i o n  f o r  d i f f e r e n t  sand s i z e s  
( a f t e r  Bishop e t  a l .  , 1965). 

F igure  7-13. Sca l e  cons tan ts  +: and B+ vs 
( a f t e r  Bishop e t  a l . ,  1965). D5 0 



where qT i s  t h e  dry weight of sediment pe r  u n i t  t ime and width. Bed 
ma te r i a l  t r a n s p o r t  computed by Equation 7-110 showed good agreement when 
compared wi th  observed bed ma te r i a l  d i scharges  f o r  streams such a s  t h e  
Rio Grande, Niobrara,  Loup, and Colorado Rivers .  

Calcu la t ion  of Sediment Discharge from Stream Measurements 

Normal measurements made on many streams inc lude  d ischarge  
measurements a s  we l l  a s  suspended load measurements. Discharge measure- 
ments c o n s i s t  of determining depth and mean v e l o c i t y  a t  of s e l e c t e d  
v e r t i c a l s  from which t h e  t o t a l  discharge Q and the  c r o s s  s e c t i o n a l  
a r ea  A f o r  t h e  channel c ros s  s e c t i o n  may be c a l c u l a t e d .  Suspended 
load samples g ive  th.e mean measured sediment concent ra t ion  C '  a t  each 
o r  a t  l e a s t  s e v e r a l  of t h e  v e r t i c a l s  i n  which mean v e l o c i t y  issmeasured. 
Concentrat ion C i  inc ludes  sediment of a l l  g r a i n  s i z e s ,  wash load ,  and 

bed m a t e r i a l  load and i s  defined by 

C '  S u d y =  S Cudy 
S a '  a '  

where a '  i s  t h e  d i s t a n c e  from t h e  streambed t o  t h e  sampler i n l e t  tube.  
The region of c ros s  s e c t i o n  below a '  forms what i s  r e f e r r e d  t o  a s  t he  
unsampled zone of t h e  c ros s  s e c t i o n .  The p a r t  of t h e  c ros s  s e c t i o n  
above a '  i s  c a l l e d  t h e  sampled zone. 

Suspended sediment measurements do no t  sample t h e  sediment load i n  
t h e  unsampled zone t h a t  may inc lude  bedload and p a r t  of t h e  suspended 
load .  The modified E i n s t e i n  procedure developed by Colby and Hernbree 
(1955), t h e  Colby method (1957), and t h e  y e t  t o  be descr ibed  T o f f a l e t i  
method (1969) a r e  methods f o r  e s t ima t ing  t h e  t o t a l  sediment d ischarge  
once suspended load samples and o the r  requi red  da t a  have been acqui red .  

Modified E i n s t e i n  Procedure. Colby and Hembree (1955) and 
subsequent ly o t h e r s  proposed a  modified E i n s t e i n  procedure t o  o b t a i n  t h e  - - 

t o t a l  sediment t r a n s p o r t  r a t e  i n  a  r i v e r .  The  term modified E i n s t e i n  
procedure usua l ly  g ives  t h e  impression t h a t  it se rves  t h e  same purpose 
a s  t h e  E i n s t e i n ' s  (1950) procedure. Actua l ly  t h e s e  two procedures  
al though based on s i m i l a r  p r i n c i p l e s  s e rve  e n t i r e l y  d i f f e r e n t  purposes.  
E i n s t e i n ' s  procedure used mainly f o r  design purposes ( a s  w e l l  o the r  
equat ions t h a t  p r e d i c t  t h e  bed ma te r i a l  d i scha rge ) ,  e s t ima te s  bed 
m a t e r i a l  d i scharges  f o r  d i f f e r e n t  r i v e r  d i scharges  based on channel 
c ros s  s e c t i o n  and sediment bed samples i n  s e l e c t e d  uniform flow r i v e r  
r e a c h e s .  The modified E i n s t e i n  procedure on t h e  o t h e r  hand, e s t ima te s  
t o t a l  sediment d ischarge  ( inc luding  wash load)  f o r  a  given water 
d i scharge  from measured depth- in tegra ted  suspended sediment samples, 
streamflow measurements, bed ma te r i a l  samples, and water  temperature f o r  
s p e c i f i c  d i scharge  a t  t h e  c ros s  s e c t i o n .  

Major d i f f e r ences  between t h e  modified E i n s t e i n  procedure (1955) 
and o r i g i n a l  E i n s t e i n  procedure (1950) inc lude :  



1. The modif ied c a l c u l a t i o n  i s  based on a  measured mean v e l o c i t y  
r a t h e r  t h a n  on a  c a l c u l a t e d  v e l o c i t y  from t h e  g iven  s l o p e  and 
dep th  i s  observed i n  each v e r t i c a l  i n  which v e l o c i t y  i s  
measured. 

2 .  The suspended load  exponent z i n  Equa t ion  7-95 i s  determined 
from t h e  observed z  v a l u e  f o r  a  dominant g r a i n  s i z e .  Values 
of z f o r  o t h e r  g r a i n  s i z e s  a r e  d e r i v e d  from t h a t  o f  dominant 
s i z e  and a r e  assumed t o  v a r y  w i t h  t h e  0 . 7  power of t h e i r  f a l l  
v e l o c i t y .  

3 .  A s l i g h t  change i n  t h e  h i d i n g  f a c t o r  i s  i n t r o d u c e d  and w i l l  be 
d i s c u s s e d  l a t e r .  

.4. The d e p t h  d  i s  used t o  r e p l a c e  t h e  h y d r a u l i c  r a d i u s  

5 .  The v a l u e  of E i n s t e i n ' s  i n t e n s i t y  of bedload t r a n s p o r t  i s  
a r b i t r a r i l y  d i v i d e d  by a  f a c t o r  o f  two t o  f i t  t h e  observed 
t r a n s p o r t  d a t a  more c l o s e l y .  There i s  some c r i t i c i s m  on t h i s  
p o i n t .  

A p p l i c a t i o n  o f  t h e  modif ied E i n s t e i n  procedure  i s  o u t l i n e d  a s  
f o l l o w s .  Data needed a r e  s t ream d i s c h a r g e  Q ,  mean v e l o c i t y  U ,  c r o s s  
s e c t i o n a l  a r e a  A ,  s t r eam width  B ,  mean v a l u e  d  of t h e  dep ths  a t  v v e r t i c a l s  where suspended sediment samples were t a k e n ,  measured sediment 
d i s c h a r g e  c o n c e n t r a t i o n  C A ,  s i z e  d i s t r i b u t i o n  o f  t h e  measured l o a d  i 

s ' 
s i z e  d i s t r i b u t i o n  of bed m a t e r i a l  a t  t h e  c r o s s  s e c t i o n  i and wate r  
t empera tu re  T .  b  ' 

The n e x t  s t e p  i s  t o  c a l c u l a t e  t h e  suspended load  d i s c h a r g e  i n  t h e  
v a r i o u s  s i z e  f r a c t i o n s  p e r  u n i t  wid th  i n  t h e  sampled zone of t h e  c r o s s  
s e c t i o n  ' 

Qs i 
. Allowing'  q: t o  denote  t h e  sediment  d i s c h a r g e  through 

the u n i t  width  of sample zone,  t h e n  

'where  Q '  i s  t h e  w a t e r  d i s c h a r g e  i n  t h e  sampled zone.  The r e l a t i o n  
between Q '  a n d .  Q i s  given by 

d ' udy Q' = - 
Q d 

( 7 -  113) 

sV udy 
0 

The term a '  i s  t h e  d i s t a n c e  from t h e  streambed t o  t h e  sampler  i n l e t  
tube  when sampling a s  c l o s e l y  a s  p o s s i b l e  t o  t h e  s t reambed.  The v a l u e  
of a '  depends on t h e  t y p e  of s a n ~ p l e r  used and i f  we igh t s  a r e  used t o  
p o s i t i o n  t h e  sampler .  If  t h e  p o i n t  v e l o c i t y  i s  i n  t h e  form of  Equat ion 
7-114(+;) t h e n  



= (1 - E ' )  - 2 . 3  
E' log  E' 

Q P m - 1  

where E' = a t / d v ,  and 

P E 2 .3  log  
30.2 xd 

m D65 

i n  which t h e  quan t i t y  x i s  found from Figure 7-2 and 

u  R '  
7 = 5.75 log  (12.27 x)  u-;< s  

by t r i a l  and e r r o r  wi th  d  rep lac ing  R .  From Equations 7-112 and 7-115 

E' l o  E' 
qhi = isyCkq[(l  - E ' )  - 2 . 3  8 1 

m 

Bed load f o r  a  given s i z e  f r a c t i o n  pe r  u n i t  width of channel 
i ~ w ~ b w  

i s  computed nex t .  I n t e n s i t y  of shea r  on the  p a r t i c l e s  i s  

c a l c u l a t e d  from t h e  fol lowing equat ions 

a s  
0.4(- - l)Di 

Y * (SR') 

where D. i s  t h e  geometric mean p a r t i c l e  s i z e  and (SR') has been 
evaluated- from t h e  preceding s t e p .  The l a r g e r  $ value is  used t o  f i n d  
@ from Figure  7-5 where $ rep laces  . Then from t h e  d e f i n i t i o n  of 
Q (Equation 7-51), 

The term Q i s  a r b i t r a r i l y  d iv ided  by a f a c t o r  of two t o  f i t  t he  
observed r i v e r  da t a  more c l o s e l y .  

The next  s t e p  involves computing t h e  suspended load exponent z '  
i by t r i a l  and e r r o r  f o r  each s i z e  f r a c t i o n .  I f  t h e  quan t i t y  qAi can be 

exy ressed  by 

then  us ing  a  procedure s i m i l a r  t o  t he  one f o r  de r iv ing  Equation 7-101 . . . 



where 

E Z t - l  

and I 1 ( E , z t )  = 0.216 J ( E , z t )  which i s  t h e  same d e f i n i t i o n  of 
( I - E ) ~ '  1 

I a s  given by Equa t ion  7-98. For  s i m p l i c i t y  of symbols,  I ,  J e q u a l s  
I ~ E , z ' ) ,  J ( E , z l )  and I t ,  J '  e q u a l s  I ( E t  , z t ) ,  J ( E f  , z ' ) ,  r e s p e c t i v e l y .  
Then Equa t ion  7-123 becomes 

The v a l u e s  of I , 12, Jl ,  and J2 can b e  o b t a i n e d  from F i g u r e s  7-8, 
7-9, 7-14, and 5 - 1 5 ,  r e s p e c t i v e l y .  I n  Equat ion 7-124 t h e  q u a n t i t y  
( Q i i  q ) f o r  each s i z e  f r a c t i o n  i s  known. The v a l u e  o f  21 c a n  Bw bw 
t h e n  be found by t r i a l  and e r r o r  such t h a t  Equa t ion  7-124 i s  ba lanced .  
I n  t h i s  manner t h e  z! v a l u e  f o r  each s i z e  f r a c t i o n  can b e  determined.  
However, Colby and H e h r e e  (1955) d i scovered  t h a t  t h e  v a l u e  o f  z i  can 
be  r e l a t e d  t o  f a l l  v e l o c i t i e s  of sediment by 

where z '  i s  ob ta ined  by s o l v i n g  Equa t ion  7-123 f o r  dominant g r a i n  
s i z e ,  a n d  w .  i s  f a l l  v e l o c i t y  of a  sediment g r a i n  of s i z e  D ~ .  1 

T o t a l  sediment d i s c h a r g e  through t h e  c r o s s  s e c t i o n  Q . f o r  a  s i z e  
f r a c t i o n  i s  t h e n  compared w i t h  T i  

f o r  t h e  ranges  of f i n e  p a r t i c l e  s i z e s  and t h e  r e l a t i o n  

i Q ( P I  + 1 2 + 1 )  
Q ~ i  Bwbw m 1  

i s  u t i l i z e d  t o  e v a l u a t e  t h e  t r a n s p o r t  o f  c o a r s e  p a r t i c l e  s i z e s .  U n i t s  

of QTi a r e  d r y  weight  p e r  u n i t  t ime and any c o n s i s t e n t  system of u n i t s  
may be  used .  T h e o r e t i c a l l y ,  e i t h e r  Equa t ion  7-126 o r  7-127 c a n  be  used 
throughout  t h e  range of p a r t i c l e  s i z e s .  P r a c t i c a l l y ,  Equa t ion  7-126 i s  
l i m i t e d  t o  ranges  of p a r t i c l e  s i z e s  f o r  which '1;. can be  determined 
w i t h  f a i r  accuracy .  Also Equat ion 7-127 i s  l i m i t e d  t o  ranges  of 
p a r t i c l e  s i z e s  f o r  which i can be determined w i t h  r e a s o n a b l e  accuracy .  B Another p r a c t i c a l  l i m i t a t i o n  on cho ice  o f  e q u a t i o n s  is  t h a t  a  g iven  
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Figure 7-14 .  I n t e g r a l  J1 i n  terms of  E and z '  (a f t er  
Colby and Hembree, 1955). 





p e r c e n t a g e  of v a r i a t i o n  i n  z '  changes computed sediment  d i s c h a r g e s  
more by Equa t ion  7-126 when z '  i s  l a r g e  and more by Equa t ion  7-127 
when z '  i s  s m a l l .  

A change i n  t h e  modif ied E i n s t e i n  p rocedure  t o  compute z '  was 
made by Lara (1966) .  Lara found t h a t  t h e  z '  v a l u e  determined by 
Equa t ion  7-125 was n o t  always r e p r e s e n t a t i v e .  F u r t h e r  s t u d i e s  and 
a n a l y s i s  performed on t h e  c o l l e c t e d  d a t a  showed t h a t  z '  v a l u e s  shou ld  
be computed f o r  t h o s e  s i z e  ranges  having s i g n i f i c a n t  q u a n t i t i e s  i n  b o t h  
suspended and bed l o a d s .  The procedure  t o  compute t h e s e  v a l u e s  i s  by 
t r i a l  and e r r o r  a s  d e s c r i b e d  above. These z '  v a l u e s  a r e  t h e n  p l o t t e d  
on l o g a r i t h m i c  paper  a s  a  f u n c t i o n  of f a l l  v e l o c i t y  w .  When a t  l e a s 6  
t h r e e  p o i n t s  a r e  p l o t t e d ,  t h e  l i n e  of b e s t  f i t  f o r  t h e  r e l a t i o n  z '  = aw 
can b e  computed by t h e  method of  l e a s t  s q u a r e s .  From t h i s  r e l a t i o n s h i p  
t h e  z '  v a l u e s  can be  determined f o r  t h e  o t h e r  s i z e  ranges .  

The modi f i ed  E i n s t e i n  p rocedure  rendered v e r y  good p r e d i c t i o n s  of 
t h e  t o t a l  l o a d  f o r  t h e  Niobarara  and Loup R i v e r s ,  a s  demonstra ted by 
Schroeder  and Hembree (1956) .  Also ,  t h i s  t h e o r y  shou ld  be  g e n e r a l l y  
a p p l i c a b l e  t o  s t reams  of d i f f e r e n t  c h a r a c t e r  because  much of t h e  
sediment  d i s c h a r g e  i s  a c t u a l l y  measured.  T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  
s t reams  of s i g n i f i c a n t  d e p t h .  

A numerical  example t h a t  u t i l i z e s  t h e  modif ied E i n s t e i n  p rocedure  
t o  compu.te t o t a l  sediment  d i s c h a r g e  w i l l  b e  g i v e n  l a t e r  i n  t h i s  c h a p t e r .  

Conc lus ions .  Unmeasured sediment  d i s c h a r g e s  f o r  p a r t i c u l a r  t imes  
and p e r i o d s  a r e  o f t e n  needed t o  supplement r e c o r d s  o f  t h e  measured 
suspended sediment  d i s c h a r g e  of s t r e a m s .  Among t h e  t h r e e  methods p r e -  
s e n t e d  f o r  computing t h e  t o t a l  sediment  d i s c h a r g e  t h e  modi f i ed  E i n s t e i n  
method i s  most wide ly  used because  i t  i n c o r p o r a t e s  a  maximum of measured 
d a t a  and i s  t h e r e f o r e  q u i t e  r e l i a b l e .  The e x t r a p o l a t e d  suspended p a r t  
o f  t h e  l o a d  and e s t i m a t e d  bed l o a d  i s  u s u a l l y  a  s m a l l  p e r c e n t a g e  o f  t h e  
t o t a l  bed m a t e r i a l  load  u n l e s s  t h e  f low d e p t h s  a r e  s m a l l .  I ts  a p p l i c a -  
t i o n  t o  deep s t reams  has  been  ques t ioned  ( T o f f a l e t i ,  1 9 6 9 ) ,  b u t  f o r  
s m a l l  and medium s i z e  sand-bed s t r e a m s ,  it i s  s a t i s f a c t o r y .  

Comparison o f  Bed M a t e r i a l  Load Equa t ions  and F i e l d  A p p l i c a t i o n s  

The bed m a t e r i a l  l o a d  e q u a t i o n s  a r e  e s t a b l i s h e d  f o r  d i f f e r e n t  
c o n d i t i o n s  and use  of t h e s e  e q u a t i o n s  should be  r e s t r i c t e d  t o  c o n d i t i o n s  
f o r  which t h e  e q u a t i o n s  a r e  a p p l i c a b l e .  Fur the rmore ,  v e r y  few d i r e c t  
measurements o f  t o t a l  sediment  d i s c h a r g e  of r i v e r s  have been made. Most 
of t h e  growing body of d a t a  on sediment d i s c h a r g e  o f  r i v e r s  i s  o b t a i n e d  
by add ing  an  e s t i m a t e  o f  t h e  unmeasured sediment  d i s c h a r g e  t o  t h a t  
sediment  measured w i t h  suspended load  sample rs .  Although few a t t e m p t s  
a r e  d i s c u s s e d ,  a  meaningful  comparison. of measured and c a l c u l a t e d  bed 
m a t e r i a l  load  i s  d i f f i c u l t .  S t a l l  e t  a l .  (1958) compared f i e l d  d a t a  
c o l l e c t e d  from Money Creek w i t h  c a l c u l a t e d  r e s u l t s  from approaches  by 
E i n s t e i n  (1950) ,  DuBoys (1879) ,  and S c h o k l i t s c h  (1934). The l a t t e r  
method demonstra ted f a i r l y  good ( w i t h i n  30 p e r c e n t )  agreement ,  whereas 

4 t h e  former two methods gave v a l u e s  which were comple te ly  e r roneous  
(about  200 p e r c e n t  f o r  DuBoys' approach and 750 p e r c e n t  f o r  E i n s t e i n ' s  
approach) .  However, t h e r e  i s  some q u e s t i o n  a s .  t o  whether t h e  r e p o r t e d  



F i g u r e  7-16. Sediment d i s c h a r g e  a s  f u n c t i o n  o f  wa te r  d i s c h a r g e  f o r  
Colorado River  a t  T a y l o r ' s  F e r r y  ob ta ined  from 
o b s e r v a t i o n s  and c a l c u l a t i o n s  by s e v e r a l  formulas  
( a f t e r  Task Committee, 1971).  

F i g u r e  7-17. Sediment d i s c h a r g e  a s  f u n c t i o n  of water d i s c h a r g e  f o r  
Niobrara  River  n e a r  Cody, Nebraska,  o b t a i n e d  from 
o b s e r v a t i o n s  and c a l c u l a t i o n s  by s e v e r a l  formulas  
( a f t e r  Task Committee, 1971) .  



measured load i s  not  merely bed load .  This  i n  t u r n  would e x p l a i n  why i n  
some cases  S c h o k l i t s c h ' s  equat ion ,  a  pure bed load equat ion ,  provides  a  
good e s t ima te  of bed m a t e r i a l  d i scharge  and E i n s t e i n ' s  bed load  func t ion  
f o r  some cases ,  p re sen t s  values which a r e  apparent ly  t oo  h igh .  An ASCE 
Task Committee (1971) used t h e  f i e l d  da t a  from t h e  Colorado River  a t  
Tay lo r ' s  Fe r ry  and Niobrara River near  Cody, Nebraska t o  eva lua t e  13 
sediment t r a n s p o r t  equat ions (Vanoni e t  a l . ,  1960).  They inc lude  
formulas by Blench (1966), Colby (1964), DuBoys (1879), E i n s t e i n  (1950), 
Brown-Einstein (1950),  Englelund-Hansen (1967), Ingl is-Lacey (1968),  
Laursen (1958), Meyer-Peter (1 934),  Meyer-Peter, Miiller (1948), 
Schokl i t sch  (1935), Shie lds  (1936),  and T o f f a l e t i  (1969). T o t a l  bed 
ma te r i a l  d i scharge  f o r  t h e  Colorado River was ca l cu la t ed  from suspended 
sediment samples u t i l i z i n g  t h e  modified E i n s t e i n  method and sediment 
d ischarge  f o r  t h e  Niobrara River  was measured d i r e c t l y .  F igures  7-16 
and 7-17 show t h e  measured and ca l cu la t ed  r e s u l t s .  Formulas i n v e s t i -  
gated t h a t  r e s u l t  i n  t h e  b e s t  agreement with observed sediment d ischarge  
a r e  those  of Colby, T o f f a l e t i ,  and Engelund-Hansen. Based on these  
comparisons it i s  c l e a r  t h a t  sediment d ischarge  formulas cannot be 
expected t o  p re sen t  p r e c i s e  r e s u l t s .  Also,  equat ions  should only  be 
appl ied  t o  ca ses  s i m i l a r  t o  those  f o r  which they  have been v e r i f i e d .  

The disagreement between ca l cu la t ed  and observed sediment d ischarge  
i n  F igures  7-16 and 7-17 may be p a r t l y  caused by l a r g e  v a r i a t i o n s  i n  
important p r o p e r t i e s  such a s  s lope ,  bed m a t e r i a l ,  and temperature.  
These v a r i a b l e s  a s  wel l  a s  sediment load can vary  w'th t ime and a r e  no t  
a s  cons tan t  a s  assumed i n  determining curves of F igures  7-16 and 7-17. 
However, i n  genera l  t h e  da t a  i n  F igures  7-16 and 7-17 can be f i t t e d  
roughly by a  power r e l a t i o n  of t h e  form 

I n  analyzing f i e l d  da t a  because of t h e  tremendous u n c e r t a i n t i e s  i n  
e s t ima t ing  sediment t r a n s p o r t ,  it i s  d i f f i c u l t  t o  make recommendations. 
Shen (1971) suggested t h e  fol lowing procedures f o r  ana lyz ing  f i e l d  d a t a .  

When measured da t a  a r e  a v a i l a b l e  t h e  s u i t a b l e  procedures a r e  

1. The modified E i n s t e i n  method should be used t o  e s t ima te  
unmeasured suspended load and bed load based on measured da t a .  

2 .  Bed ma te r i a l  load should be separa ted  from wash load  and 
analyzed.  

3 .  Sediment t r a n s p o r t  equat ions t h a t  b e s t  agree  with t h e  measured 
da t a  and used should be s e l e c t e d  t o  e s t ima te  t h e  sediment 
t r a n s p o r t  load f o r  t h e  design flow when a c t u a l  measurement i s  
not  p o s s i b l e .  

I n  t h e  absence of measured d a t a ,  t h e  fol lowing r e l a t i o n s  a r e  
recommended: 

1. E i n s t e i n ' s  (1950) procedure should be used when t h e  bed load 
i s  a  s i g n i f i c a n t  p o r t i o n  of t he  t o t a l  bed m a t e r i a l  load .  



2 .  Colby ' s  (1964) method should be used f o r  r i v e r s  w i t h  f low 
d e p t h  l e s s  t h a n  o r  n e a r  t e n  f e e t .  

3 .  Shen and Hung's (1971) method shou ld  be  used f o r  f lumes and 
smal l  r i v e r s  w i t h  sha l low d e p t h s .  Th i s  r e l a t i o n  does n o t  
i n c l u d e  dep th  a s  a  v a r i a b l e ,  (Simons). 

4 .  Use T o f f a l e t . i t s  (1969) method f o r  l a r g e  sand-bed r i v e r s .  

7 . 3  APPLICATION OF SEDIPENT TRANSPORT FORMULAS 

There e x i s t s  no b e t t e r  way t o  demonstra te  t h e  p rocedure  o f  a p p l y i n g  
p r e v i o u s l y  d i s c u s s e d  r e l a t i o n s  t h a n  by sample c a l c u l a t i o n s .  Ca lcu la -  
t i o n s  o f  bed m a t e r i a l  load  accord ing  t o  Meyer -Pe te r ' s  (1948) ,  E i n s t e i n ' s  
(1950),  Colby ' s  (1964),  and B i s h o p ' s  e t  a l .  (1965) methods and c a l c u l a -  
t i o n s  o f  t o t a l  sediment  load  by t h e  modif ied E i n s t e i n  p rocedure  (Colby 
and Hembree, 1955) and t h e  Colby method (Colby, 1957) w i l l  be  p r e s e n t e d .  

General  Rules  o f  t h e  Choice of T e s t  Reach, and of Determinat ion o f  Data 
t o  be  Used i n  T r a n s p o r t  Formulas 

Choice of T e s t  Reach 

To c a l c u l a t e  o r  measure f low and sediment t r a n s p o r t  i n  a  s t ream a  
t e s t  r each  may be s e l e c t e d .  Th is  t e s t  r each  shou ld  be  s u f f i c i e n t l y  
uniform i n  shape and sediment composi t ion,  w i t h  s m a l l  e f f e c t s  such a s  
s h a r p  bends ,  s i l l s ,  o r  e x c e s s i v e  v e g e t a t i o n  s o  t h a t  t h e  r e a c h  can be 
t r e a t e d  a s  a  uniform channel  c h a r a c t e r i z e d  by an  o v e r a l l  s l o p e  and an 
average r e p r e s e n t a t i v e  c r o s s  s e c t i o n .  No impor tan t  t r i b u t a r i e s  should  
j o i n  t h e  r i v e r  w i t h i n  o r  immediately above t h e  t e s t  r e a c h ,  and no 
s i g n i f i c a n t  d i v e r s i o n s  should occur  t h e r e i n .  

De te rmina t ion  o f  Energy Slope 

Slope d e t e r m i n a t i o n  i s  a  d i f f i c u l t  h y d r a u l i c  measurements. I n  
g e n e r a l  t h e  wa te r  s u r f a c e  i s  n o t  p a r a l l e l  t o  t h e  bottom of t h e  r i v e r  bed 
and i s  n o t  p o s s i b l e  t o  assume t h a t  t h a t  wa te r  l e v e l  i n  a  c r o s s  s e c t i o n  
i s  h o r i z o n t a l  o r  a  s t r a i g h t  l i n e .  Under t h e s e  c i rcumstances  a c c u r a t e  
d e t e r m i n a t i o n  of energy s l o p e  i s  a  r e a l  problem. A p p l i c a t i o n  o f  t h e  
fo l lowing  r u l e s  h e l p s  ach ieve  t h e  necessa ry  accuracy  

1. A datum l i n e  i s  chosen and t h e  wa te r  p r o f i l e  i n  t h e  c r o s s  
s e c t i o n  i s  determined r e l a t i v e  t o  t h i s  l i n e .  

2 .  Two more c r o s s  s e c t i o n s  (one upstream and one downstream) of 
t h e  main s e c t i o n  a  minimum of  250 m .(- 820 Et)  from t h i s  
s e c t i o n  should be chosen.  

3 .  A f l o a t i n g  o b j e c t  de te rmines  t h e  main p a t h  of t h e  f low between 
extreme s e c t i o n s .  

4 .  Water s t a g e  on t h i s  p a t h  r e l a t i v e  t o  t h e  datum l i n e  i s  
determined and t h i s  o p e r a t i o n  i s  r e p e a t e d  a t  l e a s t  t h r e e  t imes  
t o  de te rmine  t h e  average v a l u e .  



5. The d i s t ances  s epa ra t ing  up- and downstream s e c t i o n s  from t h e  
main s e c t i o n  i s  measured. 

6 .  Upstream and downstream i s  ca l cu la t ed  water l e v e l  s lope  and 
compared wi th  t h e  main s e c t i o n  s lope .  I f  t h e  d i f f e r e n c e  i s  
more than  t e n  pe rcen t ,  another  reach i s  s e l e c t e d .  

7 .  I f  t he  d ischarge  of t h e  r i v e r  i s  known t h e  mean v e l o c i t y  i s  
determined us ing  t h e  con t inu i ty  equat ion  Q = AU. If Q i s  
unknown, U i s  determined by measuring l o c a l  v e l o c i t i e s  
u t i l i z i n g  a  cu r r en t  meter o r  some o t h e r  s u i t a b l e  method. The 
v e l o c i t y  heads a r e  added t o  t h e  s t a g e  and S  i s  computed a s  

where Ah i s  t h e  d i f f e r e n c e  between t h e  water s t ages  and L i s  t h e  
d i s t ance  between up- and downstream c ros s  s e c t i o n s  

8. I f  a  pre l iminary  s lope  determinat ion i s  r equ i r ed ,  t h e  
measurement may be taken along the  s i d e  of t h e  r i v e r  b u t  one 
should make c e r t a i n  t h a t  t h e  measured water su r f ace  l e v e l s  
belong t o  a  common stream l i n e .  I n  many in s t ances  it w i l l  be 
necessary t o  measure s lope  along t h e  s i d e  o r  s i d e s  of a  r i v e r  
because of r i v e r  s i z e  and o the r  complicat ing f a c t o r s .  

Sampling of Bed Mater ia l  

A s i eve  a n a l y s i s  of bed ma te r i a l  i s  u sua l ly  necessary t o  determine 
0, D50, Dm, D35, Db5, Dgo, Ds4 and e t c .  The fol lowing gu ide l ines  can 

be followed f o r  sampling bed m a t e r i a l .  

1. When t h e  bottom of t h e  water course i s  dry 
a .  S u p e r f i c i a l  bottom ma te r i a l  of about  2D9* th ickness  

should be removed us ing  a  shovel .  The wash load ma te r i a l  
should be e l imina ted  and t h i s  sample should be prepared 
f o r  s i e v e  a n a l y s i s .  

b. Samples from t h e  bed ma te r i a l  over a  depth of d  meters 
should be c o l l e c t e d .  The sampled depth d  i s  determined 
cons ider ing  c h a r a c t e r i s t i c s  of t h e  bed. The c o l l e c t e d  
sampled ma te r i a l  should r ep re sen t  t h e  complete range of 
t h e  ma te r i a l  t ranspor ted  by thk  r i v e r .  

c .  DgO and D65 must be determined from t h e  f i r s t  sample 

and DS0 from the  second. 

2.  When water i s  flowing i n  t h e  r i v e r  
a .  One should at tempt  t o  l o c a t e  an abandoned p o r t i o n  of 

r i v e r ,  channel and c o l l e c t  samples from t h i s  reach f o r  
comparison. 



b .  A v a i l a b l e  m a t e r i a l  from t h e  s u r f a c e  l a y e r  o f  t h e  bottom 
should be  sampled f o r  s i e v e  a n a l y s i s .  I n  g e n e r a l ,  wash 
l o a d  i s  r e t a i n e d  by a  sampler i n  t h i s  environment .  The 
m a t e r i a l  t h u s  c o l l e c t e d  i s  s u b j e c t e d  t o  s i e v e  a n a l y s i s .  

c .  The r e s u l t  of t h i s  s i e v e  a n a l y s i s  i s  used t o  de te rmine  
p a r t i c l e  s i z e  and p a r t i c l e  s i z e  d i s t r i b u t i o n .  

7 . 4  SAMPLE CALCULATIONS 

C a l c u l a t i o n  of Sediment Discharge Using T r a n s p o r t  Formulas 

The a p p l i c a t i o n  of v a r i o u s  sediment t r a n s p o r t  t h e o r i e s  f o l l o w s .  

C a l c u l a t i o n  of Bed M a t e r i a l  Discharge by t h e  Meyer-Peter,  Mul le r  
Bed Load Func t ion  

The n e c e s s a r y  d a t a  f o r  c a l c u l a t i o n  o f  bed-mate r ia l  d i s c h a r g e  by 
Meyer-Peter '  s bed load  f u n c t i o n  a r e :  y , D g O ,  Dm, S ,  Q ,  and t h e  shape 
of t h e  channel  c r o s s  s e c t i o n .  These d a t a  may be  o b t a i n e d  a s  d e s c r i b e d  
p r e v i o u s l y .  The t echn ique  of computation i s  i l l u s t r a t e d .  

Compute t h e  r a t e  o f  bed l o a d  t r a n s p o r t  i n  a  s t r e a m ,  t h e  
c h a r a c t e r i s t i c s  o f  which a r e  g iven  

1. C h a r a c t e r i s t i c s  of bed m a t e r i a l  

Assume t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  given by F i g u r e  7.18. 

2 .  

3 .  

Dune 

S o l u t i o n :  

1 .  

C h a r a c t e r i s t i c s  o f  t h e  s t ream 
\ 

B = 110 m S = 0.0003 .z = 0 . 5  
d  = 3.5 m Q = 520 m / s e c  

C h a r a c t e r i s t i c s  o f  t h e  bed roughness 

t y p e  bed forms a r e  observed,  ks = 35 and kw = ks 

Compute, from F i g u r e  7-18, t h e  f o l l o w i n g  c h a r a c t e r i s t i c  g r a i n  
s i z e s  

from which 
D = 0 . 0 0 4 6 m  
m 

2 .  Compute k r 





kr = 2 6 
116 

= 55.13 - 55 
(0.01;) 

3 .  Compute R 
S 

Assume the influence of channel side, slope is nill. Then 

A = 110 x 3.5 = 385 m 2 

4. Apply Equation 7-20: 

from this relation 

Qiw = 2.52 x l o e 4  T/m sec = 2.62 x 10-I kg/sec m 

and 

5. To compute (q' ) for a hypothetical very wide channel, apply 
Equation 7-21 brWo the same problem and compare 

and 

For simplicity engineers sometimes assume the canal is very wide. 
Hence, one should check the effect of shape of large sections on 
sediment transport since this assumption can lead to significant 
differences in the results in some cases. 

Example B 

Compute the rate of bed load transport in a laboratory channel, the 
characteristics of which are given 

1 .  Use the characteristics of bed materials given in Example A. 

2. Characteristics of the laboratory flume 



S o l u t i o n :  

From Example A DgO = 0.011 m and Dm = 0.0046 m 

From Example A kr = 55 = kb 

The v a l u e  of kw f o r  g l a s s  = 100 

Using Equat ion 7.129 

Compute Rs and ks 

Apply formula 20 

Because ' < 0 t h e r e  i s  no bed m a t e r i a l  t r a n s p o r t .  9s 

So lve  t h e  same problem u s i n g  t h e  USBR-Meyer-Peter, Mul le r  
fo rmulas .  

Because qbw < 0 t h e r e  i s  no bed m a t e r i a l  t r a n s p o r t .  

Example C 

Solve  Example A a p p l y i n g  t h e  USBR-Meyer-Peter fo rmulas  



S o l u t i o n :  

u s i n g  t h e s e  v a l u e s :  

x 11.48 x 0 . 0 0 0 5  - 0 . 0 0 7 6  ( 

and 

qbw = 11.22 t o n / d a y / f t  = 0 . 4 2 6  kg/m s e c  d r y  weight  

q i w  = 0.265  kg/m s e c  submerged weigh t .  

4 .  Compared t o  t h e  r e s u l t  of Example A ,  (qbw = 0.262)  a  

d i - f fe rence  of 1 p e r c e n t  e x i s t s  which can be a t t r i b u t e d  t o  t h e  
e r r o r s  i n  t h e  convers ion  of u n i t s .  

C a l c u l a t i o n  of Bed M a t e r i a l  Discharge by E i n s t e i n ' s  Bed Load Func t ion  

The a p p l i c a t i o n  of t h e  E i n s t e i n  procedure  t o  a  p a r t i c u l a r  wa te r  
course  can be subdivided i n t o  t h r e e  p a r t s .  The f i r s t  p a r t  i n v o l v e s  
cho ice  o f  a  . r i v e r  reach  and c o l l e c t i o n  of r e q u i r e d  f i e l d  d a t a .  The 
second p a r t  de te rmines  t h e  r e q u i r e d  h y d r a u l i c  parameters  and t h e  t h i r q  
p a r t  uses  t h e  r e s u l t s  of t h e  o t h e r  p a r t s  t o  compute t o t a l  bed m a t e r i a l  
d i s c h a r g e .  



Descr ip t ion  of t h e  Tes t  Reach 

A t e s t  reach r ep resen ta t ive  of t h e  Big Sand Creek near  Greenwood, 
Mis s i s s ipp i  was used by E i n s t e i n  (1950) t o  i l l u s t r a t e  t h e  a p p l i c a t i o n  of 
h i s  bed load func t ion .  His numerical example i s  reproduced he re .  For 
s i m p l i c i t y  t h e  e f f e c t s  due t o  bank f r i c t i o n  a r e  neglec ted .  The o r i g i n a l  
example may be referenced f o r  t h e  construct i .on of t h e  r ep re sen ta t ive  
c ross  s e c t i o n  and t h e  cons idera t ion  of bank f r i c t i o n .  C h a r a c t e r i s t i c s  
of t h e  channel c ros s  s e c t i o n  fol low.  

Channel s lope  was determined t o  be S = 0.00105. The r e l a t i o n s  of 
c ros s  s e c t i o n a l  a r e a ,  hydraul ic  r ad ius ,  and wetted per imeter  versus 
s t a g e  f o r  t he  r ep re sen ta t ive  c ros s  s e c t i o n  a r e  given i n  F igure  7 .19 .  
For t h i s  wide and shallow channel t h e  wetted per imeter  i s  assumed t o  
equal  t h e  su r f ace  width. The averaged values of t h e  fou r  bed m a t e r i a l  
samples a r e  given i n  Table 7-2, and g ra in  s i z e  d i s t r i b u t i o n  i s  presented  
i n  F igure  7 .20 .  Of these  composite samples 95.8 percent  of t h e  bed 
ma te r i a l  f a l l s  between 0.589 and 0.147 mm which i s  subdivided i n t o  four  
f r a c t i o n s .  Sediment t r a n s p o r t  w i l l  be ca l cu la t ed  f o r  i nd iv idua l  s i z e  
f r a c t i o n s  wi th  s e l e c t e d  r ep re sen ta t ive  g r a i n  s i z e s  equal  t o  t h e  
geometric mean g r a i n  diameter of y c h  f r a c t i o n .  The kinematic water 
v i s c o s i t y  v is 1.06 x f t  / s e c  and s p e c i f i c  g r a v i t y  of t h e  
sediment is  2.65. 

Table 7-2. Bed ma te r i a l  information f o r  sample problem. 

4 Grain s i z e  Average g r a i n  s i z e  S e t t l i n g  v e l o c i t y  
d i s t r i b u t i o n ,  mm mm f t  % mm/sec f J?s 

Hydraulic Calcu la t ions  

Important hydraul ic  parameters were ca l cu la t ed  according t o  Table 
7-3.  Table headings,  t h e i r  meanings, and c a l c u l a t i o n s  a r e  explained 
wi th  foo tno te s .  Equation 7-130(") and Figure  7-21 were used t o  eva lua t e  
t h e  r e s i s t a n c e  t o  flow. Any s i m i l a r  r e l a t i o n  d iscussed  i n  Chapter 6 
(Simons and Sentiirk, 1977) can be u t i l i z e d  f o r  t h e  same purposes.  



Figure 7-19.  Descript ion of t he  average c ros s  s e c t i o n .  
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Figure  7-20. Grain s i z e  d i s t r i b u t i o n  of bed m a t e r i a l .  
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F i g u r e  7-21. F r i c t i o n - f a c t o r s  f o r  f l a t - b e d  flows i n  a l l u v i a l  c h a n n e l s ,  

t h e  number by each p o i n t  i s  RIDs0 x 1 0 ' ~  ( a f t e r  Lovera 
and Kennedy, 1969). 



Table 7-3 .  Hydraulic  c a l c u l a t i o n s  f o r  sample problem by applying the  E i n s t e i n  
procedure ( a f t e r  E i n s t e i n ,  1950) .  

~ -- 

'see t h e  fol lowing f o r  explanat ion of symbols,  column by column: 
(1) Rb, f t  (hed hydraul ic  r a d i u s  due t o  g r a i n  roughness; va lues  a r e  

assumed t o  cover  the  e n t i r e  d e s i r e d  d i s c h a r g e  range.  

(2 )  U::.h = .,,gRblS, f p s ,  (shear  v e l o c i t y  due t o  g r a i n  roughness) 

(3) 6  = 11.6  /U,'. E t ,  ( ~ h i c k n e s s  of l amina r  s u b l a y e r ) .  

(4) kg = D6;, ft, (roughness diameter)  
- - -  

(5)  x  = f ( k  / 6 ) .  ( c o r r e c t i o r ~  facLor  i n  t h e  l o g a r i t h m i c  v e l o c i t y  
d i s t r i b : l i oo ) .  

(6)  A = k s / x  f t ,  (apparent roughness d i ame te r ) .  

(7) U = U.,!:b 5.75 l og  (12.27 Rita). f p s .  (average f low v e l o c i t y ) .  

(8)  4 1  = $ ( i n t e n s i t y  of s h e a r  on r e p r e s e n t a t i v e  p a r t i c l e s ) .  
P 

(9) u/u.;.,:b = f  (*I 1 . 
(10) U.;.lb, f p s ,  (shear  v e l o c i t y  due t o  form roughness)  

~- - - - 

(12) R = R ' + Rb",  f t ,  (bed h y d r a u l i c  r a d i u s ) ,  w i th  no a d d i t i o n a l  
fbr ic t ikn from t h e  banks ,  Rb r e p r e s e n t s  t h e  t o t a l  h y d r a u l i c  r a d i u s  R 

(13) d ,  f t ,  (average flow d e p t h ) ,  d  P R f o r  wide shal low s t r cams .  
b  

(14) S t a g e ,  f t ,  from d e s c r i p t i o n  of c r o s s  s e c t i o n  f o r  R = R 
b' 

(15) A ,  f t L ,  ( c r o s s - s e c t i o n a l  a r e a )  f o r  t h e  given s t a g e .  
(16) Pb,  f t ,  (hed wet ted p e r m e t e r )  f o r  t h e  given s t a g e .  

(17) Q = AU,  c f s ,  ( f low d i s c h a r g e ) ,  a  s t age -d i scha rge  r e l a t i o n s h i p  can be  
p l o t t e d  by r e l a t i n g  t h e  computed Q t o  rhe  s t a g e .  

(18) x ,  f t ,  ( c h a r a c t e r i s t i c  d i s t a n c e )  x = 0.77 A f o r  

A16 > 1 . 8 0  and x = 1.39 6  f o r  A16 < 1 .80 .  
(19) Y = f / k  / 6 ) ,  (p re s su re  c o r r e c t i o n  term).  
(20) 6 = 108 (10.6  X/A), ( l oga r i thmic  'funcLion) . 
(21) pX= log 10 .6 .  30.2d 
(22) PE = 2.303 l o g  -F, ( E i n s t e i n ' s  t r ansporL  pa rame te r ) .  

(11) R i ,  f t ,  (hed hydrau l i c  r a d i u s  due t o  fo rm roughness) ,  from 

u;.;., = ?'pRhl'S. 



Bed Mater ia l  Discharge Calcula t ions  

The bed m a t e r i a l  t r a n s p o r t  i s  ca l cu la t ed  f o r  each r ep resen ta t ive  
g r a i n  s i z e  of t h e  bed material .  a t  each given flow depth.  For t h e  
summary of c a l c u l a t i o n s ,  procedure, and r e s u l t s  a r e  presented  i n  Table 
7 - 4 .  

Calcu la t ion  of Red Mater ia l  Discharge by Colby's flethod 

Example E 

In  applying t h e  previous ly  presented Colby method ( l 9 6 4 ) ,  t he  
necessary da t a  inc lude  mean v e l o c i t y ,  depth ,  median s i z e  o r  s i z e  
d i s t r i b u t i o n  of bed m a t e r i a l ,  water temperature,  and f i n e  sediment (wash 
load)  concent ra t ion .  Mean v e l o c i t y  and depth of flow may be determined 
us ing  hydraul ic  c a l c u l a t i o n s  a s  descr ibed .  However, t o  ob ta in  t h e  b e s t  
r e s u l t s  from c a l c u l a t i o n s  d i r e c t l y  measured va lues  of v e l o c i t y  and depth 
a r e  u t i l i z e d .  

In  o rde r  t o  compare t h e  ca l cu la t ed  r e s u l t s  applying d i f f e r e n t  
methods t h e  same sample problem used t o  i l l u s t r a t e  E i n s t e i n ' s  method i s  
solved using t h e  Colby method. The required da t a  a r e  taken from Table 
7-3 .  I n  a d d i t i o n ,  water temperature and f i n e  sediment concent ra t ion  
a r e  assumed equal  t o  70°F and 10,000 ppm, r e spec t ive ly .  For convenience 
t h e  c a l c u l a t i o n s  a r e  summarized i n  t a b l e s .  Table 7-5 provides t h e  
c a l c u l a t i o n s  us ing  median diameter of bed ma te r i a l  and Table 7 -6  
presen t s  t h e  c a l c u l a t i o n s  f o r  i nd iv idua l  f r a c t i o n s  us ing  t h e  bed 
ma te r i a l  s i z e  d i s t r i b u t i o n .  

Calcu la t ion  of Bed Mater ia l  Discharge by Bishop e t  a l .  Method 

Examole F  

Bishop, Simons and Richardson ' s  (1965) method i s  appl ied  t o  so lve  
t h e  same sample problem a s  t he  one solved by t h e  E i n s t e i n  procedure 
(1950). Again, t a b l e  form i s  used (Table 7 - 7 ) .  Apparently t h e  Bishop 
e t  a l .  method i s  very simple t o  apply.  

Discussion of Sample Problems. The comparison of bed ma te r i a l  
d i scharge  c a l c u l a t i o n s  f o r  t h e  sample problem us ing  E i n s t e i n ' s  (1950), 
Colby's (1964), Bishop e t  a l .  (1965), and E i n s t e i n  and Abdel-Aal's 
(1972) methods a r e  shown i n  F igure  7-22. The curves i n d i c a t e  t h a t  t h e  
sediment d ischarge  inc reases  r ap id ly  wi th  inc reas ing  water d i scharge .  
However, cons iderable  dev ia t ions  r e s u l t  from applying d i f f e r e n t  methods. 
Since E i n s t e i n ' s  method i s  b a s i c a l l y  der ived from bed load measurements, 
a p p l i c a t i o n  of t h i s  method t o  c a l c u l a t e  bed material .  load i.s ques t ion-  
a b l e  when a  l a r g e  percent  of bed ma te r i a l  load i s  i n  suspensi.on a s  i n  
t h e  sample problem. 



Table 7-4.  Bed m a t e r i a l  load  c a l c u l a t i o n s  f o r  sample problem by applying t h e  E i n s t e i n  
procedure  ( a f t e r  E i n s t e i n ,  1950).  

'see  the  fol lowing explanat ion o f  symbols,  column by column: 

(1) D ,  f t ,  ( r ep re sena t ive  g r a i n  s i z e ) .  
(2) i),, ( f r a c t i o n  of bed m a t e r i a l ) .  

(3)  Rb, f t ,  (bed hydrau l i c  r a d i u s  due t o  g r a i n  roughness) ,  
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R: 
( i n t e n s i t y  of shea r  on p a r t i c l e )  (4) 0 = 2- - 

(10) igwQbw = 4 3 . 2  B ihwqbw tons / aay ,  (bed load d i s c h a r g e  f o r  a  s i z e  

f r a c t i o n  f o r  e n t i r e  c r o s s  s e c t i o n ) ,  B = Pb. 
(11) I igwQBw, tons jday  (bed load  d i scha rge  f o r  a l l  s i z e  f r a c t i o n s  f o r  

- - 

e n t i r e  c r o s s  s e c t i o n ) .  
(12) E  = Z(D/d ) ( r a t io  of bed l a y e r  t h i ckness  t o  wa te r  d e p t h ) ,  f o r  va lues  

D 

(13) z = "- 0,411,' 
(exponent f o r  c o n c e n t r a t i o n  d i s t r i b u t i o n ) ,  

(5) D/X, f o r  va lues  of X 
v a l u e s  of w and u,:' a r e  g iven .  

(6) [ = f (%) (hiding fact.or1. (14) 1 = f ( E , z ) ( i n t c g r a l ) .  
(15)  1' = f ( E . z ) ( i n t e g r a l ) .  

(7) $a = [ ~ ( p ~ / f i ~ : ~ ) ( ~  ( i n t e n s i i y  of s h e a r  on i n d i v i d u a l  g r a i n  s i z e ) ,  (16) P;I,+I,+I. 
2  - -  - 

valucs  of y(p2/8.; ) .  (17) iTqT = igwqbw(PE11+12+1), I b J s e c - f t ,  (bed m a t e i a l  l oad  p e r  u n i t  width  

(8) 0:: : £(*<:)(intensity of sediment  t r a n s p o r t  f o r  i n d i v i d u a l  g r a i n  s i z e )  of s t r eam f o r  a  s i z e  f r a c t i o n .  
(18) i Q  = 43.2  B iTqT,  ~ o n s / d a y ,  (bed m a t e r i a l  l oad  f o r  a  s i z e  f r a c t i o n  

(9)  ig,qbw = ibw 4" 0, C p  l b l s e c - f t  (bed load  d i s c h a r g e  f s r T e n t i r e  c r o s s  s e c t i o n )  - (19) I iTQT, t o n s l d a y ,  ( t o t a l  bed m a t e r i a l  load f o r  a l l  s i z e  f r a c t i o n s ) .  
P 

per  u n i t  widih f o r  a  s i z e  f r a c t i o n ) .  



Table 7-5. Bed m a t e r i a l  load c a l c u l a t i o n s  f o r  sample problem by 
applying t h e  Colby ~ e t h o d '  (median diameter)  

'see t h e  fol lowing f o r  explana t ion  of symbols, column by column: 
(1)  d ,  f t ,  (mean dep th ) .  
(2)  B ,  f t ,  ( su r f ace  wid th) .  
(3)  U ,  f p s  , (average v e l o c i t y ) .  
(4)  qTi, t o n s l d a y - f t  (uncorrected sediment d ischarge  pe r  u n i t  width of 

channel ,  f o r  a  given U ,  d ,  and DS0 ( ~ 0 . 3 2  nun) by logar i thmic  
i n t e r p o l a t i o n .  

(5) kl  = f (d ,T )  ( c o r r e c t i o n  f a c t o r  f o r  tempera ture) .  
(6) k = f (d ,C ) ( c o r r e c t i o n  f a c t o r  f o r  f i n e  sediment concen t r a t ion ) .  2 f  
(7)  k3 = f(D ) ( co r r ec t ion  f a c t o r  f o r  sediment s i z e ) .  5 0 
(8) qT = (1 + (kl k2 - 1 )  0.01 k3] qTi, t o n s j d a y - f t ,  ( t r u e  bed m a t e r i a l  

d i scharge  pe r  u n i t  width of s t ream) .  
(9)  QT = BqT, tons lday ,  (bed m a t e r i a l  d i scharge  f o r  a l l  s i z e  f r a c t i o n s  

f o r  e n t i r e  c ros s  s e c t i o n ) .  



Table  7-6.  Bed m a t e r i a l  d i s c h a r g e  c a l c u l a t i o n s  f o r  sample problem by 
app ly ing  t h e  Colby method1 ( i n d i v i d u a l  s i z e  f r a c t i o n ) .  

p~ -- -- - 

'see t h e  fo l lowing  f o r  e x p l a n a t i o n  of symbols, column by column: 
(1 )  D ,  mm, ( r e p r e s e n t a t i v e  g r a i n  s i z e ) .  
(2)  ib ( f r a c t i o n ,  of bed m a t e r i a l ) .  
(3) d ,  f t  , (average flow dep th)  . 
(4) B ,  f t  , ( t o p  w i d t h ) .  
(5)  U ,  f p s  , (average  v e l o c i t y ) .  
(6) qT1, t o n s f d a y - f t ,  ( i n c o r r e c t  sediment d i s c h a r g e  p e r  u n i t  wid th  by 

assummg t h e  bed i s  composed e n t i r e l y  of one sand of  s i z e  D) f o r  a 
given U, D ,  and d .  

(7)  kl  = f  (d,T) ( c o r r e c t i o n  f a c t o r  f o r  t empera tu re ) .  
(8) k2 = f ( d , C  ) ( c o r r e c t i o n  f a c t o r  f o r  f i n e  sed iment ) .  
(9)  k = f(D) f c o r r e c t i o n  f a c t o r  f o r  sediment s i z e ) .  3 

(10) q = [ I  + (klk2-1) 0 . 0 1  k3] qT1, t o n s / d a y - f t ,  ( c o r r e c t e d  bed m a t e r i a l  T 
discharge p e r  u n i t  wid th  by assumlng t h e  bed i s  composcd e n t i r e l y  of 
one sand o f  s i z e  D ) .  

(11) ibqT,  t o n s / d a y - f t ,  (bed m a t e r i a l  d i s c h a r g e  p e r  u n i t  wid th  f o r  a  s i z e  
f r a c t i o n )  . 

(12) igQT = B  ibqT,  t o n s / d a y ,  (bed m a t e r i a l  d i s c h a r g e  f o r  a  s i z e  f r a c t i o n  
f o r  e n t i r e  c r o s s  s e c t i o n ) .  

(13) Z i  QT, t o n s / d a y ,  (bed m a t e r i a l  d i s c h a r g e  f o r  a l l  s i z e  f r a c t i o n s  f o r  
en!ire c r o s s  s e c t i o n .  



1 i Einstein1, r t h o d  
1- Colbv's method 

Bed material load, tons/&y 

F i g u r e  7-22. Water d i s c h a r g e  compared w i t h  bed m a t e r i a l  d i s c h a r g e  f o r  
sample problem. 

Tab le  7-7. Bed m a t e r i a l  d i s c h a r g e  c a l c u l a t i o n s  f o r  sample problem 
by a p p l y i n g  t h e  Bishop e t  a l .  method. 

R;, B  9 ' $ T % QT 

1 2 3 4 5 6 

0 .5  103 2.98 3.9 0 . 1 6  7 12 
1 .0  136 1.49 11. 0.45 2,640 
1.5 170 0.75 100. 4.09 30,000 

'See t h e  fo l lowing  f o r  e x p l a n a t i o n  o f  symbol, column by column. 

(1) F$', , f t ,  (bed h y d r a u l i c  r a d i u s  due t o  g r a i n  roughness ) ,  g iven  i n  

Tab le  7-3 .  
(2) B , f t ,  ( t o p  w i d t h ) ,  g iven  i n  Table  7-3. 

fYP D35 
( 3 )  $' = - - ( i n t e n s i t y  o f  s h e a r  on p a r t i c l e ) ,  g i v e n  by Equa t ion  

P RiS 

7-109. 
( 4 )  @ = f (+' ) ( i n t e n s i t y  of bed m a t e r i a l  t r a n s p o r t ) ,  g i v e n  i n  F i g u r e  

T 7-20. 

( 5 )  qT = @Tys ,/=, l b s / s e c - f t ,  (bed m a t e r i a l  d i s c h a r g e  p e r  

u n i t  wid th  o f  s t r e a m ) ,  g iven  by Equa t ion  7-110. 
\ 

(6)  QT =. 43.2 BqT , t o n s / d a y ,  (bed m a t e r i a l  d i s c h a r g e  f o r  e n t i r e  c r o s s  
s e c t i p n )  . 



Einstein and Abedl-Aal's method considers the effect of suspended 
sediment on the turbulent intensity. According to this method suspended 
sediment damps turbulence, changes distribution of velocity and sediment 
concentration, and thus reduces transport capacity of flow. Application 
of this method is quite similar to the Einstein procedure except that 
the von Kirmih constant K is a variable rather than a constant. Since 
more emphasis is placed on suspended sediment effects, the calculated 
results from Einstein and Abdel-Aal's method are more consistent than 
those from Einstein's method. Because the Bishop method and Einstein 
method mainly rely on the same principles, their results show good 
agreement. Bishop's method does give good results for flumes, canals 
and small sand-bed rivers and it is simple to apply. However, in 
general the Colby method is considered to be the most suitable model for 
this type problem. 

Calculation of Total Sediment Discharge from Stream Measurements 

Once suspended load samples and other required .data have been 
obtained, total sediment discharge can be calculated by the modified 
Einstein method (Colby and Hembree, 1955), the Colby method (1957), the 
Toffaleti method (l969), and others. A sample problem prepared by the 
Sedimentation Section of the Bureau of Reclamation (1955) is solved by 
the modified Einstein method and the Colby method. Details of the 
procedure follows. 

Calculation of Total Sediment Discharge by the Modified Einstein 
Procedure 

The basic data required for computations are water discharge Q2= 
230 cfs, mean velocity U = 2.08 fps, cross sectional area A = 111 ft , 
mean depth at the vertical where samples were taken dv = 1.22 ft (for 
most cases d and dv are very nearly the same), stream width B = 113 
ft, water temperature T = 64OF, sampled mean sediment ~onc~ntration, C: 
= 262 ppm (by weight), a' = 0.3 ft (for hand sampler), and size distri- 
bution of the suspended sediment samples is and size distribution of 
bed material samples ib are given in Table 7-8. 

Although it is convenient to summarize the calculations in table 
form, some steps need further explanation because of the trial and error 
procedures. Computational sequence is computation of SR' and Pm, com- 
putation of ibwQbw (Table 7-9, col. - 6 ,  and computation of total 

sediment discharge (Table 7-9, (col. 7-19). In applying this method z' 
of col. 9 is determind by the trial and error procedure described later. 

Computation of SR' and P 

The logarithmic velocity distribution formula utilized is 

J s i ~ l  = U 

5.75 & log [ 
12.27 x d I 
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Table  7-8.  S i z e  d i s t r i b u t i o n  f o r  sample problem. 

S i z e  f r a c t i o n  Average g r a i n  s i z e  
F a l l  v e l o c i t y  

(mn) D (mm) D ( f t )  i s ( % )  +,(%I 
w ( f p d  

D65 
= 0.00105 f t ;  D35 = 0.00075 f t  

where d = A / B  = 0 . 9 8  f t .  I n  Equat ion 7-131, t h e  q u a n t i t i e s  and 
x a r e  unknown and w i l l  be  determined by a t r i a l  and e r r o r  p rocedure  
based on t h e  a d d i t i o n a l  r e l a t i o n  shown i n  F i g u r e  7-2. Assuming t h a t  
x = 1 . 5 4 ,  t h e n  from Equa t ion  7-131 

1. = 0 .Ol5O ( f t )  112 

2 .  U-,!. = = 0.0851 f p s  

1 1 . 6 ~  - -5 2 
3 .  6 = - - 0.00154, f o r  v = 1 . 1 4  x 10 f t  / s e c  u;'t 

4 .  k /6 = D65/6t = 0.695 and 
S 

5 .  From F i g .  2 ,  x = f ( k s / 6 )  = 1 . 5 4 .  

No recomputat ion i s  necessa ry  s i n c e  t h e  computed v a l u e  i s  t h e  same a s  
t h e  assumed v a l u e .  Otherwise ,  s t e p s  1 th rough  5 a r e  r e p e a t e d  u n t i l  
agreement of assumed and computed v a l u e s  of x i s  a c h i e v e d .  

From Equa t ion  7-116 

P = 2 . 3  l o g  30.2 x d = 10.7  
m 

D65 

As a n  a l t e r n a t i v e  a g r a p h i c a l  method was sugges ted  by Colby and 
Hubbel l  (1961) f o r  computation of SR' and Pm. 

Computation of z t  ( f o r  c o l .  9 ,  Tab le  7-9) 

The suspended-load exponent z t  f o r  a s i z e  f r a c t i o n  i s  c a l c u l a t e d  
by t r i a l  and e r r o r  s o  t h a t  Equat ion 7-124 i s  ba lanced .  The p rocedure  
sugges ted  by Colby and Hubbell  (19611, Colby and Hembree (1955) ,  and 
Lara (1966) a r e  fo l lowed .  

4 According t o  Colby and Iiembree t h e  z t  v a l u e  f o r  dominant g r a i n  
s i z e  of suspended load  i s  c a l c u l a t e d  and t h e  v a l u e  o f  z,! f o r  t h e  o t h e r  

1 
. . 



computation of iRwQhw 

P,-P D. 
o r  jl = 0 . 4  ---- --L 

p H ' S '  

T o t a l  Sediment  D i scha rge  Computa t ion  

10% 1o2i, a o 2  iavqaw 'nrQsu 

1  2 3 4  5  6  
- 
0.036 - 2 2 2 9  
0.29 

7 . 9 6  0 . 5 8  38 5 .50  0 .255  0.00163 
1 .16  50 5 .50  0 . 2 5 3  0 .00605 29.54 
2 .32  5 6 . 8 0  0 . 1 4 7  0 .000988 4 .82  
4 .64  I 13 .6  0 .0122  0.000046 0 . 2 2  
9.26 i 27 .2  

Tatnl 95 42 .54  

where R'S i s  c a l c u l a t e d  from SLep A;  u s e  l a r g e r  * v a l u e  

(4 )  $, = I(())  ( i n L e n s i t y  of sediment  t r a n s p o r t )  wiLh 
9 r ep l ac ing  JI::. 

I - 1  @ . I h s / s e r ' - f l .  (bed l o a d  (5) iBl;qh.; = 4:: ihyS 

-- I 

l o 2 i S  Qb 2'  E  J1 -J2 Ji  -Ji - p J * + J ~ ,  l1 -I2 P,Il+12+1 iTQT 
PmJ1+J2 

m 1 

7  8  9  1 0  11 12 1 3  14 15 16 17 18 19 
0 . 0 1 6  0 .000074 1  .OO 1 . 0 3  0 . 7 5  0 . 4 0  1 .27  

25 32 0 . 3 3  O.ooOS5J 1 . 2 0  2 . 0 8  0 . 6 4  0 . 4 3  1 . 6 8  
37 

42 55 0 . 7 3  0 .00118  
5 4  

2 .92  8 . 4 0  23 .82 189 
11 14 1 .34  0 .00237  0 .51  2 . 1 3  4 . 3 3  128 

1 . 9 7  0 .00474  0 . 2 1  0 . 9 3  2 .32  11 
2 .62  0 .00947 0 . 1 2  0 . 5 3  1 .75  

P 

100 130 419 

d i s cha rge  p r r  u n i t  w i d t h  f o r  a si7.r  f r a c t i o n ) .  g i v e n  by 

isee Lile tollowingforevplJnarionosyinbols,Lb~.columll:- ( 9 )  2-ibution). 
I) 

( 1 )  D, f ~ .  ( r e p r e s e n t a t i v e  g r a i n  s i z e ) .  (10)  E = 2- d  ( r a t i o  o f  t h i c k n e s s  of bed  l a y ~ r  t o  mean dep th ) .  
( 2 )  i ,  ( f  r a c t i o n  of bed m a l e r i a l ) .  

P -P (11 )  J = f ( E . 2 ' )  ( i n t e g r a l ) .  
( 3 )  $ ( i n t e n s i t y  of s h e a r  on  p a r t i c l e ) ,  9 = p - R ' S '  (12)  J: = f (F . . z e )  ( i n t e g r a l ) .  

( 6 )  iRwQbv : 43 .2  R inwqbw, t ons /day ,  (bed l o a d  d i s c h a r g e  f o r  a  

s i z e  f r a c l i o n  f o r  e n t i r e  c r o s s  s e c t i o n ) .  
(7) i s  ( f r a c t i o n  o f  suspended s m p l e s ) .  

(13) J i  = f ( E '  . z ' )  ( i n t e g r a l )  

(14) J i  = f ( E ' , z S )  (integral) 

(15 )  PaIJ1+J2/(PmJ;+J;). 

(16)  I 1  = f ( E , z ' )  ( i n t e g r a l ) .  

(171 I2  = f ( E , z ' )  ( i n t e g r a l )  

(18)  P,Il+12+1. 

(19) iT(+, tons /d ; ly ,  ( t o t a l  sediment  d i s c h a r g e  f o r  a s i z e  f r a c t i o n  f o r  e n t i r e  
c r o s s  s e c t i o n ) ,  

pmJ1+J2 , f o r  f ~ n c  s e d ~ m e n t .  iTQT = Q'si 
PmJi+J; 



s i z e  f r a c t i o n s  a r e  r e l a t e d  t o  z '  by the  0 .7  power of t h e  f a l l  
v e l o c i t i e s  of t h e  r e spec t ive  s i z e  f r a c t i o n s  o r  by Equation 7-125. The 
t r i a l  and e r r o r  graphica l  method f o r  computation of z ' ,  based on the  
p r o p e r t i e s  of Equation 7-124 t h a t  was e s t a b l i s h e d  by Colby and Hubbell 
(1961), i s  followed 

1. The dominant g ra in  s i z e  Dl  i s  s e l e c t e d .  In  t h i s  example 
Dl = 0,00058 f t .  

2 .  The d '  va lue  i s  computed; d '  = d  0'00058 = 0 .98  f t  (c f  . Figure 
7-23). 

The quan t i t y  

4 .  . An approximation of t h e  c o r r e c t  z '  va lue  i s  taken from Figure  
7-23a f o r  t h e  known d '  and QA/iB,Qbw (Poin ts  A and B ) ,  
which g ives  z '  = 0.79 .  

5 .  For E '  = a ' / d  = 0.25  and z '  = 0.79 (Po in t  C ) ,  t h e  va lue  
10 J i  + J; = 5  .Y i s  found from Figure 7-22b. Then 

10J i  + J; 
- 

in 1 
5 ' 7  - 6 . 1 ,  which i s  t he  P  J '  + J; " Pm ( ) = 

l o c a t i o n  of D on Figure 7-23b. 

6. Poin t  E  l o c a t e s  a  re ference  p o i n t  where 10 J i  + J; = 8 . 0 .  
The d i s t a n c e  D-E i s  determined and the  same d i s t a n c e  i s  
measured from A t o  F  ' i n  Figure 7-23a. ( I f  p o i n t  D i s  t o  t he  
l e f t  of p o i n t  E,  p o i n t  F  i s  t o  t h e  r i g h t  of p o i n t  A ,  and v i c e  
v e r s a ) .  

7 .  A v e r t i c a l  l i n e  through p o i n t  F  i n t e r s e c t s  a  l i n e  f o r  
d '  = 0.98 f t  a t  p o i n t  G ,  f o r  which z '  = 0.76 .  The d i f f e r e n c e  
between 0.76 and t h e  f i r s t  e s t ima te  of 0.79 i s  so small  t h a t  
no recheck i s  necessary.  Otherwise, t h i s  new z '  va lue  i s  
used and s t e p s  5 through 7  a r e  repeated t o  o b t a i n  an accura te  
z '  1 ' 

The z i  f o r  t h e  o the r  s i z e  f r a c t i o n s  i s  ca l cu la t ed  by Equation 
7-125 

z  ! w .  0 .7  
1 - - - 1 

z '  (W) 
1 1 

Addit ional  va lues  of z '  a r e  l i s t e d  i n  c o l .  9 of Table 7-9. 
1 

Lara (1966) found t h a t  t h e  z '  va lue  determined by t h e  above 
equat ion was not  always r ep re sen ta t ive .  H i s  procedure fol lows 

1. A t  l e a s t  t h r e e  s i z e  f r a c t i o n s  whi.ch have s i g n i f i c a n t  
q u a n t i t i e s  i n  both t h e  suspended and bed loads  a r e  s e l e c t e d .  





2 .  The z i  v a l u e s  f o r  t h e s e  f r a c t i o n s  a r e  found by a p p l y i n g  
Colby and H u b b e l l ' s  p rocedure  ( F i g u r e  7-23) a s  many t i m e s  a s  
r e q u i r e d .  

3 .  These c a l c u l a t e d  z j  v a l u e s  a r e  p l o t t e d  on t h e  l o g a r i t h m i c  
paper  a s  a  f u n c t i o n  of t h e  f a l l  v e l o c i t y  w .  A r e l a t i o n  

t h a t  f i t s  t h e  p l o t  can be  found by t h e  method of - l e a s t  s q u a r e s  
o r  s imply by e y e .  From t h i s  r e l a t i o n s h i p  z i  v a l u e s  can be 
determined f o r  t h e  o t h e r  s i z e  ranges .  

L a r a t s  method f o r  computing z '  i s  p r e f e r r e d  o v e r  Colby and 
Hembreets method. However, i n  t h i s  sample problem o n l y  two s i z e  
f r a c t i o n s  have s i g n i f i c a n t  q u a n t i t i e s  i n  b o t h  t h e  suspended and bed 
l o a d s .  Thus,  Colby and Hembree's method was u t i l i z e d .  

C a l c u l a t i o n  of T o t a l  Sediment Discharge by t h e  Colby Method 

Example H 

C o l b y ' s  (1957) method i s  used t o  compute t h e  t o t a l  sediment  
d i s c h a r g e  of t h e  sample problem s o l v e d  by t h e  modif ied E i n s t e i n  pro-  
cedure .  The r e q u i r e d  d a t a  a r e  1) U = 2 . 0 8  f p s ,  2) B = 113 f t ,  3)  
d  = 0 . 9 8  f t ,  and 4 )  Ci = 262 ppm. The p rocedure  f o l l o w s  

1 .  = 3 . 1  t o n s l d a y - f t  f o r  t h e  g iven  v e l o c i t y  ( F i g u r e  7-24) qus 

2 .  C = 700 ppm f o r  t h e  g iven  v e l o c i t y  and d e p t h  ( F i g u r e  7-25) 
r 

3 .  t h e  c o r r e c t i o n  f a c t o r  = 0.72 f o r  t h e  a v a i l a b i l i t y  r a t i o  
CL/Cr  = 262/700 = 0 . 3 7 4  (mean l i n e  of F i g u r e  7-26) 

4 .  The t o t a l  unmeasured sediment d i s c h a r g e  

Qus = q i s  x c o r r e c t i o n  f a c t o r  x B 

5 .  The t o t a l  sediment  d i s c h a r g e  i s  

The agreement between r e s u l t s  c a l c u l a t e d  by t h e  modi f i ed  E i n s t e i n  
method and t h e  Colby method is good. I t  i s  c l e a r  t h a t  t h e  Colby method 
i s  much s i m p l e r  t h a n  t h e  modif ied E i n s t e i n  method. However, Colby ' s  
method does  n o t  b r e a k  down t h e  sediment d i s c h a r g e  i n t o  s i z e  f r a c t i o n s  
bu t  a s  p r e v i o u s l y  sugges ted  a n a l y s i s  by f r a c t i o n s  u s i n g  t h e  Colby method 
i s  p o s s i b l e  even though n o t  sugges ted  by Colby. 

4 



VELOCITY. FT PER SEC 

2 3 4  6 8 1 0  

VELOCITY. F T  PER SEC 

F i g u r e  7-24. R e l a t i o n s h i p  between 
unmeasured sediment  

F i g u r e  7-25. R e l a t i v e  c o n c e n t r a t i o n s  
o f  suspended sands  f o r  

d i s c h a r g e  mean v e l o c i t y  d i f f e r e n t  d e p t h s  and 
( a f t e r  Colby, 1957) .  mean v e l o c i t y  ( a f t e r  

AVAILABILITY R A T I O  

Colby, 1957) .  

0 Bodwoter Creek d Bonnavdb, Wyo 
A Beover Creek neor Aropohoe, Wyo 
0 Blphorn R~ver o l  Thermopoks,Wyo 
n Colorodo River o l  Lee's Feny,Ar~z 
q Finmile Creek r m r  Rlwrton, Wyo 
+ F i ~ l e  Creek neor Shoshon4Wp 
0 M~ddle Loup Rwer ot Dunn~ng.Netr 

. . .  
M~sstss~pp~ Rwer ot St Louir. Mo 

. . + Muddy Creek neor Shoshon~. Wyo 
x Nmbrara R i m  nea Cdy, N e b  
o Poulkan drm nacr Funlbm.Wyo 
o Pecol River near Arteria, N. Mex 
r Popo Ag~e Mver nu RNerlon,Wp 

. . . . . . Rio Grande old minu t r lbr la~es 

, . , , . . -  - 
. .  . . , , . . . . .  . . .  . . 

F i g u r e  7-26. V a r i a t i o n  of  unmeasured sediment  d i s c h a r g e  a d j u s t e d  
f o r  mean v e l o c i t y  wi.th a  measure o f  t he  a v a i l a b i l i t y  
of  sands  ( a f t e r  Colby,  1957) .  
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APPENDIX 7A 

7 A . 1  SIZE FREQUENCY DISTRIBUTION 

The most commonly used method t o  determine s i z e  frequency i s  
mechanical o r  s i e v e  a n a l y s i s .  In  general  t h e  r e s u l t s  a r e  presented 
a s  cumulative s i z e  frequency curves.  The f r a c t i o n  o r  percentage by 
weight of a  sediment t h a t  i s  smaller  o r  l a r g e r  than a  given s i z e  i s  
p l o t t e d  a g a i n s t  p a r t i c l e  s i z e .  From t h e  s i z e  frequency curve it i s  
poss ib l e  t o  ob ta in :  

D35 i s  t h e  s i z e  of sediment f o r  which 35 percent  of t h e  sampler is  

f i n e r .  This s i z e  was spec i f i ed  by E i n s t e i n  a s  a  r ep re sen ta t ive  g ra in  
s i z e  of t h e  sediment mixture.  

D40 i s  t h e  s i z e  used by Schokl i t sch  t o  represent  t h e  mixture.  

D50 i s  t h e  median diameter .  I t  i s  n a t u r a l l y  assumed t h a t  t h i s  s i z e  

represents  t h e  sediment mixture.  Shie lds  used t h e  D5* s i z e  i n  h i s  
ana lys i s  of beginning of motion. 

Phys ica l  evidence does n o t  conclusively f i x  t h e  s i z e  t h a t  
represents  a  given sediment mixture.  The choice i s  r a t h e r  a r b i t r a r y .  

D65 i s  t h e  s i z e  used by E i n s t e i n  t o  express  t he  roughness of a  

sediment mixture.  I t  i s  a l s o  used by Senturk ( c f .  Chapter 6 ,  Simons and 
Senturk,  1977) t o  r ep re sen t  t h e  roughness i n  r e s i s t a n c e  formulas.  

Dgo i s  t he  s i z e  chosen by Meyer-Peter and Muller t o  r ep re sen t  the  

roughness of a  sediment mixture.  

=)85 i s  t h e  s i z e  used by Simons and Richardson i n  t h e  formulas they  

e s t ab l i shed  f o r  t he  computation of t he  r e s i s t a n c e  t o  flow i n  sand bed 
channels .  

D84. 1 and D15 . 9  a r e  t h e  s i z e s  der ived from a p r o b a b i l i s t i c  

a n a l y s i s .  These s i z e s  a r e  used t o  de f ine  the  geometric mean s i z e  and 
the  grada t ion  of t h e  ma te r i a l .  

D is t h e  geometric mean s i z e  ($:). 
g 

D i s  t h e  mean diameter given by: m 

(*)Will be explained l a t e r  i n  t h i s  s e c t i o n .  



\ 

where A i  r e p r e s e n t s  any p o r t i o n  o f  t h e  p e r c e n t a g e s  shown on t h e  y - a x i s  
o f  F i g u r e  7A-1 and D .  r e p r e s e n t s  t h e  mean v a l u e  of t h e  s i z e s  e s t a b -  
l i s h e d  by t h e  extreme 6 a l u e s  of t h e  i n t e r v a l  Ai. 

According t o  F i g u r e  
7A-1, Dm i s  computed a s  fo l lows  

i n  which D r e p r e s e n t s  t h e  mean s i z e  of t h e  sample.  I n  f a c t ,  t h e  
v a l u e  of D d e f i n e d  by Equa t ion  7A-1 i d e n t i f i e s  t h e  s e p a r a t i o n  p o i n t  

m between t h e  two shaded a r e a s  i n  F i g u r e  7A-1. I t  shou ld  n o t  be assumed 
t h a t  t h e  p a r t i c l e  measure D r e p r e s e n t s  t h e  h y d r a u l i c  p r o p e r t i e s  o f  

m t h e  sediment mix ture .  The h y d r a u l i c  p r o p e r t i e s  of a  sand m i x t u r e  a r e  
r e l a t e d  t o :  1) t h e  r e s i s t a n c e  t o  f low due t o  s k i n  f r i c t i o n ,  and 2)  t h e  
t h r e s h o l d  c o n d i t i o n  which d e f i n e s  t h e  beg inn ing  of t r a n s p o r t .  For  each 
o f  t h e s e  h y d r a u l i c  p r o p e r t i e s  t h e  sand mix ture  r e a c t s  d i f f e r e n t l y .  I f  
t h e  beg inn ing  o f  motion i s  t o  be  i n v e s t i g a t e d ,  t h e  sand p a r t i c l e  r e p r e -  
s e n t i n g  t h e  whole mix ture  may have a  d i f f e r e n t  s i z e  from t h e  s i z e  t h a t  
i s  impor tan t  when e v a l u a t i n g  r e s i s t a n c e  t o  f low of t h e  m i x t u r e .  Such 
r e p r e s e n t a t i v e  sand s i z e s  may be  d e f i n e d  a c c o r d i n g  t o  geometry of t h e  
s i z e  d i s t r i b u t i o n  diagram t h a t  d e s c r i b e s  t h e  sand m i x t u r e .  

The sediment s i z e  f requency d i s t r i b u t i o n  i s  e s s e n t i a l l y  a  
p r o b a b i l i s t i c  approach used t o  a i d  i n  d e s c r i b i n g  t h e  t r a n s p o r t e d  s e d i -  
ment and sediment mix ture  formiug t h e  bed of a  r i v e r .  Eng ineers  most 
o f t e n  e x p r e s s  p a r t i c l e  s i z e  by subgroups o r  i n t e r v a l s  of s i z e s .  The 
p r o b a b i l i t y  s t r u c t u r e  o f  such  groupings  may o r  may n o t  f o l l o w  t h e  normal 
(Gaussian law).  Sediment mix tures  a r e  a f f e c t e d  by n a t u r a l  phenomena 
such a s  p r e c i p i t a t i o n ,  f l o o d s ,  d i v e r s i o n s ,  e t c .  I t  i s  p o s s i b l e  t o  
c o n s i d e r  t h e  e f f e c t s  of such phenomena on t h e  c h a r a c t e r i s t i c s  o f  s e d i -  
ment and hence on c a n a l s  and r i v e r s .  

A h i s togram o r '  f requency pyramid (F igure  7A-2a) i s  a g r a p h i c a l  
method of  r e p r e s e n t i n g  s i z e  d i s t r i b u t i o n .  I f  t h e  mathemat ical  model can 
be  v i s u a l i z e d  u s i n g  g r a p h i c s ,  i t  i s  e a s i e r  t o  comprehend and i f  t h e  
g r a h i c s '  can be  reduced t o  s t r a i g h t  l i n e s  t h e  r e s u l t s  a r e  s i m p l i e r  t o  
~ P P ~ Y .  

C o n s t r u c t i o n  o f  a  h i s togram t h a t  d e f i n e s  n a t u r a l  s o r t e d  sed iments  
i n v o l v e s  p l o t t i n g  s i z e s  r e p r e s e n t i n g  c l a s s  i n t e r v a l s  on t h e  a b s c i s s a  and 
t h e  a c t u a l  c o n c e n t r a t i o n  o r  p e r c e n t  (by number, volume, o r  we igh t )  o f  
t h e  t o t a l  sample con ta ined  i n  each c l a s s  i n t e r v a l  on t h e  o r d i n a t e  
(A-2.3). If t h e  c l a s s  i n t e r v a l s  a r e  s m a l l ,  t h e  h i s togram approaches  a  
c o n t i n ~ l o u s  curve .  Choice of i n t e r v a l s  depends on t h e  s i e v e s  s e r i e s  
chosen f o r  mechanical  a n a l y s i s .  I n t e r v a l s  p rov ided  i n  Tab le  7A-1 may be 
u t i l i z e d .  

I f  o r d i n a t e s  of s u c c e s s i v e  c l a s s e s  a r e  added and p l o t t e d  
s u c c e s s i v e l y  a g a i n s t  a b s c i s s a  v a l u e s ,  a  cumula t ive  d i s t r i . b u t i o n  curve  
i s  o b t a i n e d  (F igure  7A-2b). 

\ 
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TABLE 7A- 1. 
CALCULATION OF AM) o FOR SAMPLE OF n ITEMS OF GROUPED DATA 

Class  Interval 
Midpoint Frequency 2 - 

X .  f (x)  f (x)xi  f (x)xi  X . - X  
1 1 



A mathemat ical  model may be chosen t o  r e p r e s e n t  t h i s  c u r v e .  
Exper imental  a n a l y s i s  shows t h a t  a  s i m i l a r i t y  e x i s t s  between t h e  cumula- 
t i v e  d i s t r i b u t i o n  diagram o f  F i g u r e  7A-2 and t h e  CDF (cumulat ive  d i s t r i -  
b u t i o n  f u n c t i o n )  of t h e  s t a n d a r d i z e d  normal (Gaussian)  d i s t r i b u t i o n :  

D i s t r i b u t i o n  of p a r t i c l e  s i z e  u s u a l l y  f o l l o w s  t h i s  r e l a t i o n .  E i n s t e i n  
(1950) used t h i s  f u n c t i o n  t o  h e l p  e x p l a i n  t h e  motion of p a r t i c l e s  on t h e  
bed o f  a n  a l l u v i a l  channe l .  

The n e x t  s t e p  i s  t o  t r ans form t h i s  curve  t o  a  s t r a i g h t  l i n e .  
F i g u r e  7A-3 i l l u s t r a t e s  t h e  u s e  o f  normal p r o b a b i l i t y  paper  a s  a  means 
of t r a n s f o r m a t i o n  (Benjamin and C o r n e l l ,  1970) .  C h a r a c t e r i s t i c s  of t h e  
CDF a r e  such t h a t  between t h e  o r d i n a t e s  0.8413 and 0.1587 t h e  normal 
d i s t r i b u t i o n  can b e  approximated by a  s t r a i g h t  l i n e .  The f i f t y  p e r c e n t  
v a l u e  of t h e  o r d i n a t e  i s  midway between t h e s e  two v a l u e s .  The d iamete r  
cor responding  t o  t h e  f i f t y  p e r c e n t  o r d i n a t e  i s  c a l l e d  t h e  geomet r ic  mean 
s i z e .  The D and D l 5 4 7  s i z e s  a r e  e q u i d i s t a n t  from D . This  
d i s t a n c e  i s  thse4.s?andard d e v ~ a  Ion  o and i s  g iven  by ,g 

g  

2 l o g  0 = l o g  D 8 4 < 1  g  - log D15.9 
from which 

l o g  a - 
- log D84. 1 

- l o g  D = l o g  D - l o g  D 
g  g  g  15 .9  

and 

I n  g e n e r a l  t h e  s t r a i g h t  l i n e  r e p r e s e n t i n g  t h e  CDF c r o s s e s  t h e  mechanical  
a n a l y s i s  curve  a t  a  d iamete r  s l i g h t l y  d i f f e r e n t  from 

D84. 1 O r  D15 .9 '  
To compensate f o r  t h i s  d i sc repancy  a  g r a d a t i o n  c o e f f i c i e n t  i s  d e f i n e d  

( c f .  Example A - 1  f o r  t h e  use  of G ) .  A f t e r  o and D a r e  determined 
g fi 

t h e  r e p r e s e n t a t i v e  l i n e  can be  l o c a t e d  on paper  and 
D35 

D65 ' e t c .  can b e  determined.  The method e x p l a i n e d  above i s  o n l y  applic- 

a b l e  t o  S-shaped s i z e  d i s t r i b u t i o n  c u r v e s .  Those t h i s  
g r a p h i c a l  a n a l y s i s  shou ld  be  cogn izan t  of t h i s  impor tan t  p o i n t .  

(:')The v a l u e  D corresponds t o  D50 on ly  If t h e  s i z e  d i s t r i b u t i o n  
g  

p l o t s  a s  a  well-formed S c u r v e .  F o r  t h i s  c a s e  
D50 = Dg and 



Sieve Open~ng 

Figure 7A-3. Probabilistic analysis of sediment mixtures. 



7A.2 QUARTILE AND MOMENT MEASURES 

Af te r  t he  frequency curve i s  ob ta ined ,  d i f f e r e n t  p a r t i c l e  diameters  
can be determined. P a r t i c l e s  j u s t  l a r g e r  . t h a n  one-fourth of t h e  
d i s t r i b u t i o n  and p a r t i c l e s  j u s t  l a r g e r  than  t h e  three- four ths  of t h e  
d i s t r i b u t i o n  a r e  def ined a s  t h e  l i m i t i n g  s i z e s  f o r  t h e  f i r s t  and t h e  
t h i r d  q u a r t i l e .  Measures of spread a r e  based on t h e s e  q u a r t i l e  va lues .  

The c e n t e r  of g r a v i t y  of a  given sediment mixture (moment of t h e  
f i r s t  o rde r )  can be expressed a s  

where 

x  i s  t h e  geometric mean 
i 

f i (x)  i s  t h e  percentage 

of t h e  ith c l a s s  i n t e r v a l  

of t h e  t o t a l  sample contained i n  i 
t h  

c l a s s  i n t e r v a l ,  and 

k 
n  = t f . ( x )  i s  t h e  t o t a l  weight 

1 
i=l 

f i ( x )  - > 0 and f l  . . .  f k  a r e  c a l l e d  weighting f a c t o r s  and 
- 
x  i s  t h e  weighted a r i t hme t i c  mean. 

Moment measures a r e  inf luenced by t h e  complete grada t ion  of t he  
sand mixture from t h e  c o a r s e s t  t o  t h e  f i n e s t  g r a i n s .  Second moment 
measures average spread of t h e  curve and i s  expressed a s  t h e  s tandard  
dev ia t ion  of d i s t r i b u t i o n .  The mathema t i c a l  r e p r e s e n t a t i o n  of t h e  
second moment about t h e  mean i s  t h e  var iance  defined a s  

1 1 It should be noted t h a t  i n  some t e x t s  t h e  - term i s  replaced wi th  - 
n  n-1 ' 

The term o i s  t h e  s tandard dev ia t ion  

The s tandard 
geometric s tandard 
previous s e c t i o n .  

The r e l a t i o n  

1 M.D.  = - n  

dev ia t ion  thus determined i s  no t  equal  t o  t h e  
dev ia t ion  determined g raph ica l ly  a s  explained i n  t h e  



d e f i n e s  mean d e v i a t i o n  from t h e  mean. Mean d e v i a t i o n  from an  a r b i t r a r y  
x i s  
0 

1 k 
M.D. = - 1 f i ( x )  xi - xo o n  

i= 1 
Example A-1 

- 2 Mathemat ical ly  x ,  o , og, and M . D .  a r e  determined f o r  bed m a t e r i a l  
c o n s i s t i n g  of 

% f i n e r  0 10 20 30 40 50 60 70 80 90 100 ----------- 
s i e v e  opening 0 .03  0.102 0.13 0 .15 0.17 0.18 0.19 0.20 0 . 2 1  0.25 0.30 
(m.1 

and t h e n  t h e  r e l a t i o n  between and i s  developed.  

S o l u t i o n :  

The s o l u t i o n  o f  t h i s  example i s  s e l f - e x p l a n a t o r y ,  s e e  F i g u r e  7A-4 
and Table  7A-1. 

Then 
2 1 

n  

and Equat ion 7A-8 can be w r i t t e n  a s :  

S u b s t i t u t i n g  

o = 0.056 
and 

F i g u r e  7A-4 shows t h e  s i z e  d i s t r i b u t i o n  curve of t h e  sand mix ture  from 
which 

D = 0.162 
and g  

Using t h e  p r e v i o u s  d e f i n i t i o n s :  

and 

M.D. 

u = 
g 





An e x p l i c i t  
usage of t h e  

and 

r e l a t i o n  e x i s t s  between 

D84. 1 and D15.9 s i z e s  
M . D .  and 

i . e . ,  

- 
D ~ . ~ .  - D84.1 - M.D. - - D15.9 + M.D.  

The g r a d a t i o n  c o e f f i c i e n t  i s  e q u a l  t o  

due t o  t h e  common 

Both D and G a r e  r e l a t e d  t o  
g  D84. 1 and D15.9 

and can b e  used 

t o  e s t a b l i s h  a  s t r a i g h t  l i n e  on log- log  p r o b a b i l i t y  paper  from which 

and 

7A.3 SHAPE DISTRIBUTION 

P a r t i c l e  shape may be cons idered  s t a t i s t i c a l l y  a s  a  d i s t r i b u t i o n  of 
geometr ic  p r o p e r t i e s  of t h e  g r a i n ,  r a t h e r  t h a n  a c a t a l o g i n g  o f  i n d i v i d -  
u a l  shapes  o f  p a r t i c l e s .  Var ious  schemes have been dev i sed  t o  o b t a i n  
measurements and p r e s e n t  d a t a  t h a t  a r e  u s e f u l  i n  d e f i n i n g  p a r t i c l e  
shape.  Two of t h e s e  a r e  1 ) t h e  t r i a n g l e  diagram of roundness g rades  o f  
Szadeszky-Kardoss and 2 ) t h e  shape c l a s s e s  of Zingg based on t h e  t h r e e  
p r i n c i p a l  d iamete r s  a ,  b ,  and c  of t h e  p a r t i c l e  (Krurnbein and P e t t i j o h n ,  
1938).  A h i s togram of s p h e r i c i t y  has  a l s o  been p r e s e n t e d  t h a t  i n d i c a t e s  
t h e  s p h e r i c i t y  o f  p a r t i c l e s .  S p h e r i c i t y  i s  p l o t t e d  on t h e  a b s c i s s a  and 
percen tage  on t h e  o r d i n a t e .  

Shape f a c t o r  ( s p h e r i c i t y  o r  roundness) can be computed f o r  b u l k  
sediments  and p r e s e n t e d  a s  f requency curves  when e i t h e r  moment o r  
q u a r t i l e  measures a r e  used t o  d e s c r i b e  t h e  shape f a c t o r  o f  t h e  sediment .  

7A.4 SPECIFIC WEIGHT OF DEPOSITED SEDIfENT 

The s p e c i f i c  weight  o f  a  sediment p a r t i c l e  i s  i n  g e n e r a l  d i f f e r e n t  
from t h a t  of a n  agglomerat ion o f  p a r t i c l e s  because  of the s p a c e s  hetwee_n 
t h e  g r a i n s  forming t h e  agglomerat ion.  When t h e  p a r t i c l e s  a r e  t i g h t l y  
packed t h e y  form a  conglomerate such a s  pumice. I f  t h e  p a r t i c l e s  a r e  
l o o s e  t h e  conglomerate i s  s u b j e c t  t o  c o n s o l i d a t i o n  and t h e  s p e c i f i c  
weight i s  v a r i a b l e  w i t h  l o a d i n g  and t i m e .  The c o n s o l i d a t i o n  o f  sediment 
i s  a n  impor tan t  s o i l  mechanics problem. I t  i s  of i n t e r e s t  t o  h y d r a u l i c  
e n g i n e e r s  because  t h e  r e s e r v o i r  l i f e  v a r i e s  a s  a  f u n c t i o n  o f  d e p o s i t i o n  
and c o n s o l i d a t i o n .  C o n s o l i d a t i o n  concepts  a r e  used t o  c o n v e r t  sediment  
load  (determined i n  u n i t s  o f  weight)  t o  volume of d e p o s i t s  i n  h a r b o r s ,  
r i v e r s ,  i r r i g a t i o n  c a n a l s ,  e t c .  The s p e c i f i c  weight  o f  newly d e p o s i t e d  

3 sediments  i s  abou t  0 .1  T/m (20 pounds p e r  cub ic  f o o t ) .  S p e c i f i c  weight  



3 
v a r i e s  from 0 . 1  - 0 . 3  T/m (20 - 60 l b / c f )  f o r  submerged s i l t  and c l a y  

d e p o s i t s  i n  r e s e r v o i r s .  Larger  v a l u e s  o f  0 . 4  - 0 . 7  ~ / m ' l  (75 - 125 
l b / c f )  f p p l y  t o  a i r - d r i e d  f i n e  sediment .  Dry sand ranges  from 0 .45  - 
0 . 5  T/m . 

Lana and Koelzer  (1953) p r e s e n t e d  a formula f o r  e v a l u a t i n g  t h e  
v a r i a t i o n  of s p e c i f i c  weight  w i t h  t ime .  T h e i r  r e l a t i o n  s t a t e s  t h a t  

where 
m 

i s  t h e  s p e c i f i c  weight  i n  pounds p e r  cub ic  f o o t  o f  a d e p o s i t  

w i t h  an  age  o f  0 y e a r s ,  
3 

yi. 
i s  t h e  i n i t i a l  weight  i n  l b / f t  c o r r e -  

sponding t o  a 1-year  c o n s o l i d a  i o n  p e r i o d  and B i s  g iven  i n  Tab le  7A-2. 
When d e a l i n g  w i t h  more t h a n  one c l a s s  s i z e  it i s  sugges ted  t h a t  a 
weighted combination of r e l a t i v e  weights  should  be  used .  

Tab le  7A-2. Values o f  c o n s t a n t  B i n  Equat ion 7A-10. 

R e s e r v o i r  o p e r a t i o n  Sand S i l t .  Clay 

1 
E:? 

1 
B y1 B" 

1 3 

Sediment always o r  n e a r l y  submerged 93 0 65 5 . 7  30 1 6 . 0  
Normal r e s e r v o i r  drawdown 93 0 74 2 .7  46 1 0 . 7  
Cons iderab le  r e s e r v o i r  drawdown 93  0 79 1 . 0  60 6 . 0  
R e s e r v o i r  emptied 93  0 82 0 . 0  78 0 . 0  

Equa t ion  7A-10 g i v e s  an  approximat ion of s p e c i f i c  we igh t .  Other  
formulas  and g r a p h i c a l  c h a r t s  a r e  a v a i l a b l e  b u t  a r e l i a b l e  t h e o r e t i c a l  
approach t o  t h e  problem h a s  n o t  been devel-oped (Report  9 ,  U.S. I n t e r -  
agency R e p o r t s ,  Hembree, e t  a l . ,  1952).  

Richardson (1971) proposed two methods f o r  de te rmin ing  average  
s p e c i f i c  weight  o f  sed iment .  

Method 1 

Median p a r t i c l e  s i z e  o f  each sample analyzed i n  a d i s p e r s e d  
s t a t e  i s  p l o t t e d  a g a i n s t  t h e  i n s t a n t a n e o u s  suspended-sediment 
d i s c h a r g e  f o r  t h e  s t ream i n  t o n s  p e r  day .  

For  predetermined c l a s s  i n t e r v a l s  o f  suspended-sediment 
d i s c h a r g e  t h e  cor responding  median p a r t i c l e  s i z e s  a r e  t a k e n  
from t h e  curve  and t a b u l a t e d .  

Samples a r e  t a k e n  n e a r  t h e  s u r f a c e  of submerged sediment  
d e p o s i t s  i n  o r d e r  t o  e s t a b l i s h  a curve f o r  s p e c i f i c  weight  of 
n a t u r a l  d e p o s i t s  b e f o r e  it becomes compacted by o v e r l y i n g  
l a y e r s .  T h i s  i n f o r m a t i o n  i s  p l o t t e d  a g a i n s t  mean p a r t i c l e  
s i z e  d iamete r  t o  determine t h e  r e l a t i o n  between median p a r t i -  
c l e  s i z e  and s p e c i f i c  weight  of r e l a t i v e l y  u n c o n s o l i d a t e d  
sediment  d e p o s i t s .  



4.  Using s p e c i f i c  weight  from t h e  curve  developed i n  S t e p  3 ,  t h e  
sediment d i s c h a r g e  p r e d i c t e d  i n  t o n s  p e r  day can be conver ted 
t o  a c r e - f e e t  of sediment .  

Method 2 

T h i s  method uses  t h e  t o t a l  s i z e  d i s t r i b u t i o n  of sediment  l o a d .  

1. The sediment i s  d i v i d e d  i n t o  s i z e  f r a c t i o n s .  

2 .  S p e c i f i c  weight of t h e  d e p o s i t  f o r  e a c h  f r a c t i o n  i s  computed 
u s i n g  s i z e  f r a c t i o n  weight and d e n s i t y  of each s i z e  f r a c t i o n .  

3 .  Percen tages  of each s i z e  f r a c t i o n  a r e  p l o t t e d  a g a i n s t  t h e  
suspended-sediment d i s c h a r g e  i.n t o n s  p e r  day.  

4 Bes t  f i t  curves  a r e  drawn t o  average t h e  i n f o r m a t i o n .  Thus, 
t h e  r e s u l t s  a r e  curves  f o r  sand ,  s i l t ,  and c l a y .  

With t h e  above d a t a  one can 

1. S e l e c t  c l a s s  i n t e r v a l s  of suspended sediment d i s c h a r g e  i n  
l o g a r i t h m i c  p r o g r e s s i o n ,  

2 .  Tabu la te  f o r  each d e f i n e d  c l a s s  i n t e r v a l  t h e  pe rcen tage  of 
sand,  s i l t ,  and c l a y  a s  read  from average curves  f o r  a given 
suspended sediment d i s c h a r g e ,  

3 .  Compile a f requency t a b l e  of suspended sediment d i s c h a r g e  from 
t h e  d a i l y  sediment d i s c h a r g e s  on r e c o r d s  t h i s  t a b l e  can t h e n  
be  used t o  determine t h e  d i f f e r e n t  tonnages  o f  suspended-sedi-  
ment d i s c h a r g e  i n  each c l a s s  i n t e r v a l  of suspended-sediment 
d i s c h a r g e ,  and 

4 .  Compute t h e  average percen tage  d i s t r i b u t i o n  of sand ,  s i l t ,  and 
c l a y  from t h e  tonnages  and percen tages  i n  each  c l a s s  i n t e r v a l .  

T h i s  f r a c t i o n  r e p r e s e n t s  t h e  i n v e r s e  of t h e  s p e c i f i c  weight  



APPENDIX B 

7B.1 SEDIMENT, TRANSPORT EQUATION FROM NONLINEAR REGRESSION ANALYSIS 

Non-l inear  r e g r e s s i o n  a n a l y s i s  was used by Jau-Yau Lu i n  h i s  t h e s i s  
t o  develop a n  e q u a t i o n  t h a t  would b e  s i m p l e r  and comparably o r  more 
a c c u r a t e  f o r  c a l c u l a t i n g  t o t a l  bed m a t e r i a l  l o a d  ( m a t e r i a l  l a r g e r  t h a n  
.062 mm i n  d i a m e t e r )  t h a n  t h e  p rev ious  e q u a t i o n s .  S t a r t i n g  w i t h  
dimensional  a n a l y s i s  and o m i t t i n g  unnecessary  f a c t o r s  Lu developed t h e  
e q u a t i o n  

i n  which C i s  t h e  sediment  c o n c e n t r a t i o n ,  V i s  t h e  mean f low 
v e l o c i t y ,  g  tis t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  D i s  t h e  f low d e p t h ,  
w i s  t h e  p a r t i c l e  f a l l  v e l o c i t y ,  d  i s  t h e  p a r t i c l e  d i a m e t e r ,  and v 
i s  t h e  k inemat ic  v i s c o s i t y .  F i r s t  and l a s t  terms i n s i d e  t h e  b r a c k e t s  
i n  Equa t ion  7B-1 a r e  Froude and Reynolds numbers r e s p e c t i v e l y .  

Using t h e  p h y s i c a l  p r i n c i p l e s  o f  sediment  t r a n s p o r t  and a p p l y i n g  
mathemat ical  p r i n c i p l e s  Lu determined t h a t  t h e  f i r s t  t h r e e  terms i n  
b r a c k e t s  i n  Equa t ion  7B-1 a r e  s i g n i f i c a n t  i n  de te rmin ing  t h e  sediment 
c o n c e n t r a t i o n .  However, he concluded t h a t  " . . . t h e  sediment  t r a n s p o r t  
r a t e  c o r r e l a t e d  w i t h  t h e  Reynolds number o n l y  t o  t h e  e x t e n t  t h a t  
Reynolds number c o r r e l a t e d  w i t h  t h e  Froude number." T h e r e f o r e  o m i t t i n g  
t h e  Reynolds number from Equa t ion  7B-1 and u s i n g  it o n l y  a s  a  r e f e r e n c e  
t o  group h i s  d a t a  Equat ion 7B-1 was modif ied i n t o  Equa t ion  7B-2. 

Fur the rmore ,  Lu determined t h a t  t h e  f u n c t i o n a l  form of  Equa t ion  7B-2 i s  
i n  t h e  form of 

l o g  Ct = PI + P2 e  P3F wd D + P l o g  (-) + P5 l o g  (,) 4 v 

where P I ,  th rough  P5 a r e  c o e f f i c i e n t s  t o  be  determined and F i s  t h e  

v Froude number - . Based on t h e o r y ,  c o e f f i c i e n t s  i n  Equa t ion  7B-3 
GD 

were s u b j e c t  t o  t h e  f o l l o w i n g  l i m i t a t i o n s  



Cons ider ing  t h e  l i m i t a t i o n s  a  non- l inear  l e a s t  s q u a r e s  computer program 
was used t o  o b t a i n  a  weighted l e a s t  squares  f i t  t o  t h e  d a t a .  Program 
BMD07R s e l e c t s  optimum v a l u e s  f o r  c o e f f i c i e n t s  t o  minimize t h e  sum of 
s q u a r e s  of t b e  d i f f e r e n c e s  between measured and c a l c u l a t e d  v a l u e s  o f  C 

t - 
Data Grouping 

To c a l i b r a t e  h i s  e q u a t i o n  Lu c a r e f u l l y  s e l e c t e d  d a t a  from seven 
flume t e s t s  and seven r i v e r  t e s t s  t h a t  appeared t o  be  a c c u r a t e .  I t  
t u r n e d  o u t  t h a t  t h e  Froude number i n  a l l  t h e  r i v e r  d a t a  was l e s s  t h a n  
0 . 8 .  So he cons idered  o n l y  t r a n q u i l  f low i n  h i s  a n a l y s i s  and used flume 
d a t a  w i t h  Froude numbers s m a l l e r  t h a n  u n i t y  f o r  comparison.  

F o r  d i v i d i n g  t h e  d a t a  i n t o  d i s t i n c t  groups Lu found t h a t  one group 
of  r i v e r s  has  Froude numbers of l e s s  t h a n  0 . 2 .  Th i s  v a l u e  was chosen 
a s  a  d i v i d i n g  p o i n t  and a l l  t h e  r i v e r s  w i t h  a  Froude number of l e s s  t h a n  
0 . 2  were grouped t o g e t h e r  i n  Group I .  Reynolds number o f  a l l  o f  Group I 

6 7  
was i n  t h e  range of 10 -10 . The r e s t  o f  t h e  r i v e r s  and t h e  flumes t h a t  
had a  Froude number l a r g e r  t h a n  0 . 2  were d i v i d e d  a c c o r d i n g  t o  t h e  

Reynolds number. S ince  a  Reynolds number o f  lo5  s e p a r a t e s  f u l l y  tu rbu-  
l e n t  from t r a n s i t i o n  f low,  Lu used t h i s  v a l u e  a s  t h e  d i v i d i n g  p o i n t .  
T h e r e f o r e ,  Group I1 has a  Froude number l a r g e r  t h a n  0 . 2  and a  Reynolds 

number s m a l l e r  t h a n  lo5  and Group I11 has  t h e  same Froude number and a  
5 Reynolds number o f  l a r g e r  t h a n  10 . Table  7B-1 shows t h e  r e s u l t s  of 

n o n l i n e a r  r e g r e s s i o n  a n a l y s i s  f o r  t h e  t h r e e  g roups .  

C o m ~ a r i s o n  w i t h  Other  Formulas 

To check t h e  a p p l i c a b i l i t y  of h i s  a n a l y s i s  Lu compared h i s  formulas  
w i t h  t h r e e  o t h e r  common formulas ( E i n s t e i n ' s  bed l o a d  f u n c t i o n ,  Colby ' s ,  
and Y a n g f s ) .  Reference should be made t o  Lu 's  o r i g i n a l  t h e s i s  f o r  an 
e x p l a n a t i o n  of each formula s i n c e  t h e  d e s c r i p t i o n  i s  e x t e n s i v e .  F i g u r e  
7B-1 and 7B-2 show t y p i c a l  comparison p l o t s  f o r  flume and r i v e r  d a t a ,  
r e s p e c t i v e l y .  O v e r a l l  comparison o f  a p p l i c a b i l i t y  o f  t h e  n o n - l i n e a r  
r e g r e s s i ~ n  e q u a t i o n s  i s  shown i n  Table  7B-2. The t a b l e  demonstra tes  
t h a t  t h i s  method i s  s u p e r i o r  t o  t h e  t h r e e  o t h e r s  f o r  t h e  c a s e s  compared. 

There a r e  innumerable a p p l i c a t i o n s  for t h e  "non- l inear  sediment 
t r a n s p o r t  equa t ion"  i n  sediment t r a n s p o r t  problems.  However, f o r  
i l l u s t r a t i o n  purposes  t h e  fo l lowing  example i s  p r e s e n t e d .  

Based on dynamic and kinemat ic  wave t r a n s m i s s i o n  models a  
s t a g e - d i s c h a r g e  curve  was developed f o r  t h e  M i s s i s s i p p i  R iver  a t  T a r b e r t  
Landing (F igure  7B-3). 'The  o b j e c t i v e  i s  t o  develop a  sediment 
r a t i n g  curve f o r  t h e  same r i v e r .  Th i s  i s  done by f i r s t  assuming a  
r e l a t i o n s h i p  of t h e  kind 



Table 7B-1. Final results of nonlinear regression analysis. 

Equation Form: Y = P l + P 2  e P3 . + P4 . X2 + P5 X3 
wed 

in which Y = log(C ), X2 = log(-) X 1  = F = - D 
t v " and X3 = log (x) m' 

Group I# of F log R s con. P1 P2 P3 P4 P5 
Data (Y ,?) 

Ct : P.P.M., Sediment Concentration v F : Froude number = - 
m 

w : fps, Fall Velocity of Particle V - D  R : Reynolds number = - v 

d : ft, Median Diameter of Particle g : Gravitational Acceleration 

2 v : ft /sec, Kinematic Viscosity s2 : Error Mean Square (from 
BMD07R) 

V : fps, Average Velocity 

D : ft, Hydraulic Depth 

P1, P2, P3, P4, and P5 : 
Coefficients 

~orr(y,F) : Correlation coefficient between measured value, y, and 
predicted value, f 



QS IN PPM, (MEASURED) 

Figure 7B-1. Comparison of four sediment equations, CSU 8-ft flume, 0.27 mm. 



QS IN PPM, (MODIFIED EINSTEIN METHOD) 

/ 

F i g u r e  7B-2 .  Comparison o f  f o u r  sed iment  e q u a t i o n s ,  M i s s i s s i p p i  R i v e r ,  
T a r b e r t  Landing.  



Table 7B-2. Q u a l i t a t i v e  comparison of f o u r  sediment t r a n s p o r t  
equat ions a s  shown i n  F igures  1 t o  4 .  

Data Figure E i n s t e i n  Colby Yang Nonlinear 

CSU, .19 mm 4-19 - 0 0 0 

CSU, .27 mm 4-20 0 0 0 0 

CSU, . 9 3  mm 4-22 0 o u t o f  0 
range 

Middle Loupe 4-23 - 0 0 0 
River 

Niobrara 
River 

Kio Grande River ,  4-25 - - - 
Set. A-2 

Rio Grande River ,  4-26 - - (0) - 0 
Sec. F 

Mis s i s s ipp i  River ,  4-27 - 0 - + 
S t .  Louis 

Mis s i s s ipp i  River ,  4-28 - + - 0 
Ta rbe r t  Landing 

Atchafalya 
River  

Symbol : 0 = c l o s e  t o  t h e  measured t o t a l  bed m a t e r i a l  load 
+ = t oo  high 
- = too  low 

- ( 0 )  = r e l a t i v e l y  lower,  bu t  s t i l l  c lo se  t o  t h e  measured t o t a l  bed 
m a t e r i a l  load 

"Effect  of c r i t i c a l  shear  s t r e s s  f o r  i n c i p i e n t  motion 



CHAPTER 8 

CHlWNEL DESIGN 

8.1 INTRODUCTION 

Design of stable channels is important to engineers dealing with 
water resource utilization. Typically, there are three basic channels: 
natural streams, irrigation channels, and drainage ditches. The funda- 
mental difference in design procedures for these channels concerns the 
uncertainty of flow magnitude. Naturhl channels must be concerned with 
magnitude and frequency of peak flows and large variation in flow. 
Irrigation channels are designed to safely carry a predetermined maximum 
discharge allowing for anticipated inflow from surface runoff. Varia- 
tion in discharge for irrigation and drainage channels depends on 
availability and demand for water and is not as large or uncertain as 
in a natural stream. Drainage ditches typically have the smallest 
discharge range and the least uncertainty in flow magnitude. 

It should be noted that evaluation of discharge design is not 
included in the scope of this course. However, assuming the design 
discharge is known, some techniques for designing a stable channel are 
presented. Additionally, utilization of vegetation and its impact on 
channel design and stability are discussed. 

8.2 DESIGN OF STABLE CHANNELS: PERMISSIBLE VELOCITY AND TRACTIVE FORCE 

Two major variables affecti.ng channel design and sediment transport 
are velocity and shear stress. In reality determining shear stress is 
usually difficulty. Therefore velocity is often accepted as the most 
important factor when designing stable alluvial channels. If a maximum 
channel velocity is selected such that scouring occurs only for 
velocities greater than this value the problem would seem to be solved 
but often this is not a practical limit. Appreciable work has been 
devoted to developing the permissible velocity approach. Many methods 
have been suggested. However, experience has identified discrepancies 
in these procedures. For example, channels carrying sediment may be 
stable at velocities higher than the limiting velocity. Fortier and 
Scobey (1925) introduced a certain increase in their listed values of 
maximum permissible velocities when water was transporting colloidal 
silt (Table 8-1). Hence, how should permissible velocities be 
determined? 

If clear water flows in a canal with alluvial boundaries, the 
resistance of these boundaries to the flow can be estimated by a formula 
of the form 

This relation is applicable to conditions before the beginning of 
motion. The value U.,, can be obtained from Meyer-Peter's or Shield's 
criterion when water temperature and the characteristics of the movable 



Table  8-1. Maximum p e r m i s s i b l e  v e l o c i t i e s  proposed by F o r t i e r  and 
Scobey (1926) .  

Mean v e l o c i t y ,  a f t e r  Aging, o f  Canals  
(d 5 3 f t )  

Water 
t r a n s p o r t i n g  
n o n c o l l o i d a l  

Water s i l t s ,  s a n d s ,  
O r i g i n a l  m a t e r i a l  t r a n s p o r t i n g  g r a v e l s  
excavated f o r  C l e a r  w a t e r ,  c o l l o i d a l  o r  rock 
c a n a l s  n  no d e t r i t u s  s i l t  f ragments  

F i n e  sand 
( c o l l o i d a l )  

Sandy loam 
( n o n c o l l o i d a l )  

S i l t  loam 
( n o n c o l l o i d a l )  

A l l u v i a l  s i l t  
when n o n c o l l o i d a l  

Ord inary  f i r m  loam 

Volcanic  ash 

F i n e  g r a v e l  

S t i f f  c l a y  (ve ry  
c o l l o i d a l )  

Graded, loam t o  
cobb les ,  when 
n o n c o l l o i d a l  

A l l u v i a l  s i l t  
when c o l l o i d a l  

Graded, s i l t  
t o  c o b b l e s ,  
when c o l l o i d a l  

Coarse g r a v e l  
( n o n c o l l o i d a l )  

Cobbles and 
s h i n g l e s  

S h a l e s  and 
hard pans 



Table  8-2.  Formulas t h a t  i n d i c a t e  t h e  maximum p e r m i s s i b l e  v e l o c i t y  
f o r  c a n a l s  c o n s t r u c t e d  i n  a l luv ium.  

1. Mavis, e t  a l .  (1937) 

D i n  m i l l i m e t e r s  

(U ) = Plaximum p e r m i s s i b l e  v e l o c i t y  a t  t h e  bot tom,  f t / s e c  b 

2.  C a r s t e n s  (1966) 

ub = 3 . 6 1  ( t a n $  cosa  - s i n a )  
Ps 

(- - l>gD P 

a = s l o p e  of p l a n e  bed ,  E n g l i s h  u n i t s  

3 .  N e i l 1  '(1967) 

u2 
p e r  D -0 .20 

= 2 . 5  (a) 
s 

(- - l)gD 
P 

E n g l i s h  u n i t s .  

4 .  Pl i r t skhu lava ,  T. E .  

M e t r i c  u n i t s  a r e  r e q u i r e d ,  

D > 2 m m  

n = 1 +  D 
0.00005 + 0 . 3 ~ '  (8-5) 

and 

U = Plaximum p e r m i s s i b l e  mean v e . l o c i t y  i n  rnps 
P e r  



m a t e r i a l  a r e  c o n s t a n t .  I f  R i s  i n c r e a s e d  U/U, i n c r e a s e s .  But U, 
can be kept  c o n s t a n t  by d e c r e a s i n g  s l o p e  a c c o r d i n i l y .  However, i n  t h i i  
c a s e  U may i n c r e a s e  wi th  an  i n c r e a s e  i n  t h e  R/D r a t i o .  But no 
motion o f  p a r t i c l e s  i s  allowed on t h e  channel  bottom accord ing  t o  t h e  
pe rmiss ive  v e l o c i t y  c r i t e r i o n .  There fore  t h e  mean v e l o c i t y ' s  i n f l u e n c e  
on t h e  beginning of motion i s  d i f f i c u l t  t o  a c c u r a t e l y  d e f i n e  and t h e  
p e r m i s s i b l e  v e l o c i t y  method must be s u b j e c t e d  t o  c a r e f u l  s t u d y  b e f o r e  
a p p l i c a t i o n  t o  s t a b l e  channel d e s i g n  problems. 

Method of Maximum p e r m i s s i b l e  V e l o c i t y  

I f  t h e  adopted mean v e l o c i t y  i s  lower t h a n  maximum p e r m i s s i b l e  
v e l o c i t y ,  t h e  channel  i s  assumed t o  be s t a b l e  ( F o r t i e r  and Scobey, 
1926).  The a u t h o r s  emphasized t h e  importance of e x e r c i s i n g  judgment on 
each p a r t i c u l a r  problem. Subsequent ly  t h e s e  l imits were recommended by 
a S p e c i a l  Committee on I r r i g a t i o n  Research,  ASCE. S i n c e  t h e n  many 
d e s i g n s  have been based on t h e i r  sugges ted  p e r m i s s i b l e  v e l o c i t i e s .  

Tab le  8 - 1  summarizes t h e  p e r m i s s i b l e  v e l o c i t i e s  g iven  by F o r t i e r  
and Scobey (1926) .  Others  have proposed a d d i t i o n a l  r e l a t i o n s  f o r  
d e t e r m i n a t i o n  of maximum p e r m i s s i b l e  v e l o c i t i e s  and s e v e r a l  o f  t h e s e  a r e  
p resen ted  i n  Table  8-2.  

The use  of F o r t i e r  and Scobey 's  t a b l e  and formulas  from Table  8-2 
a r e  i l l u s t r a t e d  i n  Example A .  

Example A 

A s t a b l e  channel  should be  des igned given t h e  fo l lowing  d a t a :  

3 
1. Q = 10 m / s e c ,  2 .  t h e  o r i g i n a l  m a t e r i a l  i n  which t h e  

c a n a l  i s  t o  be  excavated i s  sandy loam, 3 .  t h e  w a t e r  t r a n s p o r t s  
n o n c o l l o i d a l  s i l t ,  4 .  t h e  D,, of t h e  bed m a t e r i a l  i s  2 . 5  mm,  5 .  

3 2 2 = 2 .7  T/m , 6 .  g = 10 m/sec = 32 f t / s e c  , 7 .  $ = 30°, 8 .  a = 
i ~ 0 3 4 ,  and 9 .  S = 0.0006.  

S o l u t i o n  

1.  The maximum p e r m i s s i b l e  v e l o c i t y  i s  determined from Tables  8-1  
and 8-2.  A f t e r  F o r t i e r  and Scobey U = 0 . 5 3  m/sec = 1 . 7 5  

1 per4/9J- 
f t / s e c . ,  a f t e r  Mavis e t  a l .  U = - 2 . 5  1 . 7  = 0.979 - 0.98 
f t / s e c .  a f t e r  Cars tens  

b 2 

The l a s t  two formulae g i v e  bottom v e l o c i t i e s .  These may be  
compared t o  t h e  p e r m i s s i b l e  v e l o c i t y  proposed by F o r t i e r  and Scobey 
when t h e  dep th  d has  been determined.  

2 .  Using U = 0 . 5 3  m/sec ( F o r t i e r  and Scobey) 
per  



3 .  S e l e c t  z = 1 . 5  from Table 8-3. 

Table 8-3. Suggested z values 

Nature of Bank Mater ia l  z 

Rock 0 .2  
Smooth o r  weathered rock, s h e l l  0 . 5  - 1.0  
S o i l  ( c l a y ,  s i l t  and sand mixtures) 1 .5 
Sandy s o i l  1 .5  
S i l t  and loam ( loose  sandy e a r t h )  2 
Fine sand 3 
Flowing f i n e  and o t h e r  very f i n e  ma te r i a l  > 3 
Compacted c l ay  1 .5  
Noncohesive r i p r a p  ma te r i a l  s e e  F igure  8-4 

4. Excavating equipment w i l l  be used t o  form t h e  channel .  The 
dimension b may be checked tak ing  i n t o  account t h e  dimension 

b of t he  equipment. Equation 8-6 i s  used f o r  - d 

and 
b = 2.5d 

5 .  Equations b = 2.5d and (b + 1.5d) d = 18.87, b = 5.43 m ,  
and d = 2.17 m a r e  solved.  

6 .  Resul t s  a r e  checked with Equation 8-3 

Then using Equations 8-5 and 8-4 

This  a n a l y s i s  shows t h a t  N e i l l ' s  Equation 8-3 r e s u l t s  i n  t h e  same 
range a s  F o r t i e r  and Scobey's.  

The Mirtskhulava formula i s  very conserva t ive .  For d = 2.17 m 
and U = 0.53 mlsec, and U i s  0 .6d  above t h e  bed 



- = 8 . 5  + 5 .75  l o g  ( l  0.0025 - 0 q 6 )  2'17 from which U+ = 0.0229 
u, 

f o r  U = 0 . 5 3  mjsec .  Using U.,-, t h e  v e l o c i t y  a t  d  = D m above 
t h e  bed i s  50 

Ub = 8 . 5  x  U, = 0.1947 m/sec = 0.639 - 0 . 6 4  f t j s e c  

The Navis e q u a t i o n  and C a r s t e n ' s  e q u a t i o n  g i v e  l a r g e r  v a l u e s  
t h a n  Ub = 0 . 6 4  f t / s e c .  

7 .  Using Manning's  equa t ion  and choosing n  = 0.028 f o r  sandy 
loam 

8 .  Determine b and d  of t h e  t r a p e z o i d a l  s e c t i o n  u s i n g  

R = 0 . 4 8  m and A = 18.87 m 
2  

A =  (b + 1 . 5 d )  d =  18.87 and 

from t h e s e  r e l a t i o n s  

b  = 37.53 m and d  = 0.49 m 

There  a r e  s i g n i f i c a n t  d i f f e r e n c e s  between t h e s e  v a l u e s  and t h e  p reced ing  
ones (F igure  8 -1) .  Such d i f f e r e n c e s  a r e  n o t  a c c e p t a b l e  even c o n s i d e r i n g  
t h i s  a s p e c t  of e n g i n e e r i n g  i s  more a r t  and exper ience  t h a n  s c i e n c e .  

F i g u r e  8-1. S t a b l e  cana l  s e c t i o n  computed from t h e  maximum 
p e r m i s s i b l e  v e l o c i t y  method. 

Method of C r i t i c a l  Shear  S t r e s s  

The c r i t i c a l  s h e a r  s t r e s s  i s  g iven  by 

r c  = yRSE 

2  
which can a l s o  be expressed a s  rc  = pU,, . The criterion of beg inn ing  
of motion e s t a b l i s h e d  U,; and r .  Th is  approach i s  n o t  l i m i t e d  by 
u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  methods d i s c u s s e d  i n  t h e  p r e v i o u s  
s e c t i o n .  



Shear  s t r e s s  i s  assumed c o n s t a n t  a t  a p o i n t  i n  t h e  channe l  when 
h y d r a u l i c  c h a . r a c t e r i s t i c s  of f low and channel. geometry remain c o n s t a n t .  
However accord ing  t o  Lane (1953) and o t h e r s  it v a r i e s  i n  t h e  c r o s s  
s e c t i o n  (F igure  8-2) .  Shear  d i s t r i b u t i o n  i s  based upon a  t h e o r e t i c a l  
a n a l y s i s  t h a t  u t i l i z e s  a  membrane analogy and f i e l d  d a t a .  B u t ,  i f  t h e  
channel  i s  curved o r  i f  t h e  geometry i s  d i f f e r e n t ,  t h e  c o e f f i c i e n t s  0 .75  
and 0 .97 a s  shown on F i g u r e  8-2 a r e  n o t  v a l i d .  For  example i n  bends ,  
c o e f f i c i e n t s  a s  h i g h  a s  2 .5  were measured by Ippen and Dr inker  (1962).  

Based on t h e  f o r e g o i n g  a n a l y s i s  and f i e l d  s t u d i e s ,  F i g u r e  8-3  was 
b p repared  by Lane and Car l son  (1953) .  For  d i f f e r e n t  v a l u e s  o f  -, v a l u e s  
d  

F i g u r e  8-2.  Maximum u n i t  t r a c t i v e  f o r c e  v e r s u s  b / d .  

b VALUE OF THE RATIO, - 
d 

F i g u r e  8-3.  V a r i a t i o n  o f  r i n  a  t r a p e z o i d a l  c r o s s  s e c t i o n .  

of rc/ydSE a r e  g iven  f o r  s i d e  s l o p e s  and channel  bot tom.  C r i t i c a l  

s h e a r  stress 
t c  i s  g iven by Equat ion 8-6, i s  assumed o r  known and 

d 
s h e a r  on t h e  s i d e  s l o p e s  i s  e s t i m a t e d  from F i g u r e  8-3 .  The channel  
bottom i s  determined F i g u r e  8-3 and a n g l e  o f  repose  f o r  noncohesive 
m a t e r i a l  i s  g i v e n  i n  F i g u r e  8-4.  The t r a c t i v e  f o r c e  method is  i l l u s -  
t r a t e d  by Example B. 



Example B 

A s t a b l e  channel  should be des igned f o r  t h e  f o l l o w i n g  c o n d i t i o n s  

2. The n a t u r a l  m a t e r i a l  i n  which t h e  c a n a l  i s  excava ted  i s  f i n e  
g r a v e l .  

D35 = 0.7 cm 

D50 = 1 . 2  cm 

D65 = 1.8 crn 

D75 = 1 . 9  cm 

Ds5 = 1.95 cm 

Dgo = 2.00 cm 

S o l u t i o n  

1. From Figure  8-4 one can e s t i m a t e  t h e  a n g l e  of repose  of 
t h e  n a t u r a l  a l luvium def ined  above i . e . ,  

i f  t h i s  m a t e r i a l  i s  considered a n g u l a r .  Then 

t a n  ( 3 6 ' )  = 0.727 

T h i s  a n g l e  corresponds t o  z = 1.38. For  d e s i g n  purposes ,  z = 1.5 
i s  s e l e c t e d ,  t h e n  8 = 33.69'. 

2 .  The c r i t i c a l  s h e a r  s t r e s s  on t h e  s i d e s  o f  t h e  channel  i s  

determined from Figure  8-43a.  Assuming b = 3 - 5  then d 

3 .  C o e f f i c i e n t  K i s  computed from 
I 



4 .  

5 .  

6 .  

and 

C r i t i c a l  s h e a r  s t r e s s  i s  determined from F i g u r e  8-5 

T~ = 0 . 9  kg/m 
2 

P e r m i s s i b l e  s h e a r  s t r e s s  on t h e  s i d e  s l o p e  i s  computed a s  

= 0 . 3 3  x  0 . 9  = 0.297 - 0 . 3  kg/m 
2 

=ss 

For  i n c i p i e n t  motion 

The bottom wid th  i s  

From Manning's  e q u a t i o n  t h e  d i s c h a r g e  i s  

Q = --- 3 2'12 x  0 .60  x  0.0245 = 1 .42  m / s e c  
0: 022 

where 

A = (b + 1 . 5 d )  d  = 2.12 and R = 0 .46  

b  
9 .  I f  mor-e accuracy i s  needed t h e  - r a t i o  i s  changed and 

3  
t h e  a n a l y s i s  i s  repea ted  u n t i l  Q = 1 . 4 5  m / s e c  ( c f .  Example E ) .  

C r i t e r i a  f o r  Cohesive S o i l s  

The n a t u r e  of cohesion i s  n o t  well known. T h e r e f o r e ,  formulae  and 
p rocedures  r e l a t e d  t o  d e s i g n  of channels  i n  c o h e s i v e  s o i l s  a r e  few. 

Mir tskhulava h a s  given a  formula f o r  computat ion o f  p e r m i s s i b l e  
v e l o c i t y  i n  c a n a l s  excavated i n  cohes ive  s o i l s  

where 

m = 

n = 

working c o n d i t i o n  c o e f f i c i e n t  o f  t h e  a g g r e g a t e s ,  i t s  v a l u e  i s  
e q u a l  t o  u n i t y  i n  normal c a s e s  

c  = t h e  mean v a l u e  of cohes ion  a t  t h e  r u p t u r e  " f a t i g u e "  l i m i t  f 

c f  2 0 . 0 3 5 ~  (8-9) 

c  = f a c t o r  o f  cohesion 
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F i g u r e  8 - 4 .  Angle of repose  f o r  dumped r i p r a p  ( a f t e r  Simons, 1956). 

MEAN DIAMETER, m m  

F i g u r e  8-5 .  C r i t i c a l  s h e a r  s t r e s s  a s  f u n c t i o n  o f  g r a i n  d iamete r  
( a f t e r  Lane, 1953). 



K = homogeneity f a c t o r .  Th i s  f a c t o r  i s  e q u a l  t o  u n i t y  when t h e  
s o i l  i s  homogeneous. The v a l u e  of K i s  s e l e c t e d  i n  s i t u .  

Mir tskhulava s t a t e s  t h a t  t h e  p e r m i s s i b l e  v e l o c i t i e s  computed by 
t h i s  formula a r e  c o n s e r v a t i v e .  

F i g u r e  8-6 p r o v i d e s  a n o t h e r  method f o r  e s t i m a t i n g  maximum. 
p e r m i s s i b l e  v e l o c i t i e s  f o r  cohes ive  s o i l s .  The p e r m i s s i b l e  v e l o c i t y  i s  
determined a s  a  f u n c t i o n  of void  r a t i o  and i s  c o r r e c t e d  by t h e  f a c t o r  
g iven  i n  F i g u r e  8-6b which i s  a  f u n c t i o n  of average  d e p t h .  

The I d e a l  S t a b l e  Cross  S e c t i o n  

The methods of maximum p e r m i s s i b l e  v e l o c i t y  and c r i t i c a l  s h e a r  
s t r e s s  when a p p l i e d  t o  t r a p e z o i d a l  s e c t i o n s  t a k e  i n t o  account  t h e  
maximum v a l u e s  o f  t h e  mean v e l o c i t y  arid t h e  s h e a r  s t r e s s .  But t h e s e  
v a l u e s  be long  t o  t h e  centra l  p a r t  of t h e  channel  bottom o r  t o  t h e  t o e  
of t h e  s i d e  s l o p e .  A more economical d e s i g n  i s  o b t a i n e d  when t h e  mean 
v a l u e s  a r e  cons idered  and a  p a r t i a l  l i n i n g  i s  adopted ( c f .  Example E)  o r  
when t h e  impending motion i s  assumed e x i s t e n t  n o t  o n l y  around t h e  t o e  of 
t h e  s i d e  s l o p e  b u t  a t  every  p o i n t  on t h e  we t ted  p e r i m e t e r  o f  t h e  
channe l .  

The U.S. Bureau of Reclamation h a s  given an example f o r  t h e  
computat ion of a  c r o s s  s e c t i o n  a t  i n c i p i e n t  mot ion.  T h e i r  p rocedure  i s  
rcproduced.  

Assuming t h a t  F i g u r e  8-7 reproduces  a  s t a b l e  c r o s s  s e c t i o n  f o r  t h e  
fo l lowing  c o n d i t i o n s ,  t h e n  

S o i l  p a r t i c l e s  a r e  i n  e q u i l i b r i u m  on t h e  channe l  bed.  Thus 
s t a b i l i t y  i s  in f luenced  by t h e  component o f  t h e i r  submerged 
weight  a c t i n g  normal t o  t h e  bed.  

Above t h e  wa te r  s u r f a c e  t h e  s i d e  s l o p e  of t h e  channe l  i s  e q u a l  
t o  t h e  a n g l e  of repose  of t h e  bank m a t e r i a l .  

A t  t h e  c e n t e r  of t h e  channel  0 = 0 

E q u i l i b r i u m  of p a r t i c l e s  i s  a s s u r e d  when c r i t i c a l .  s h e a r  i s  
e q u a l  t o  t h e  component of t h e  submerged weight  o f  p a r t i c l e s  
opposing motion.  

Shear  s t r e s s  i s  ob ta ined  by m u l t i p l y i n g  t h e  w e i  g h t  component 
o f  wa te r  over  t h e  e lementa ry  s u r f a c e  under c o n s i d e r a t i o n  t imes  
the longtitudinal s l o p e .  The l a t e r a l  component o f  s h e a r  i s  
assumed n e g l i g i b l e .  

Consider  t h e  e lementary  s u r f a c e  AR = 1 ,/(dx2 + ~2). Fol lowing 
assumption 5 t h e  s h e a r  stress i s  e q u a l  t o  



PERMISSIBLE VELOCITIES, fps 

F i g u r e  8-6a.  Curves showing U.S.S.R. d a t a  on p e r m i s s i b l e  v e l o c i t i e s  
f o r  cohesive  s o i l s ,  1936. 

CORRECTION FACT3R 

F i g u r e  8-6b. Curves showing U.S.S.R. c o r r e c t i o n s  o f  p e r m i s s i b l e  
v e l o c i t y  a s  a f u n c t i o n  o f  dep th  f o r  b o t h  cohes ive  
and noncohesive m a t e r i a l s ,  1936. 

F i g u r e  8-7.  Elements of an  i d e a l  stab1.e s e c t i o n  



The t r a c t i v e  f o r c e  o r  shear  s t r e s s  a t  t h e  c e n t e r l i n e  of t he  channel 

Corresponding shea r  s t r e s s  on t h e  s loping  wetted su r f ace  i s  

where K i s  given by 

l o  
2 1 tan. / s i n  0 K = - = case 1 - (-1 = 1 - - 

Tc tan0  2  s i n  $ 

If tc < tAB t h e  c ros s  s e c t i o n  i s  s t a b l e .  Therefore ,  

yy S cose = Ydmax SK (8- 11) 

i s  t h e  minimum condi t ion  f o r  equi l ibr ium.  S u b s t i t u t i n g  K and 
- d 0 - t a n  (2) y i e l d s  

2 2  2  ($1 + ($-) tan2@ = t a n  $ 
ma x 

A t  t h e  c e n t e r l i n e  of t he  channel,  y  i s  equal  t o  d  and x  = 0 .  
ma x  

With t h i s  condi t ion  s o l u t i o n  of d i f f e r e n t i a l  Equation 8-12 y i e l d s  

y = d cos ( !El! max d  
max 

This i s  a  simple cosine curve used t o  de f ine  t h e  channel c r o s s  
s ec t ions  given i n  Figure 8-7. 

The U.S. Bureau of Reclamation (1951) has given t h e  fol lowing 
r e l a t i o n s  t o  d e f i n e  the  p r o p e r t i e s  of t h e  s t a b l e  c ros s  s e c t i o n  

-l 

2dL max A = -  
t an$  

d  cos$ 213 1 max u = - [  I s1/2 
n E ( s in )$  

and .,- 
L 

C (j = -  
max 0.97yS 

then  T - max - - 
2 tan$ 

where T i s  t h e  top  width 



The produc t  o f  A and U g i v e s  t h e  d i s c h a r g e .  I f  t h e  g iven  Q 
i s  d i f f e r e n t  from t h e  computed Q ,  t h e  v a l u e  of d  

lnax may be a l t e r e d  
and a  new d i s c h a r g e  can be  computed. T h i s  p rocedure  IS fo l lowed u n t i l  
computed and des ign  d i s c h a r g e s  a r e  e q u a l .  Th i s  p rocedure  s a t i s f i e s  
assumption 3 used f o r  d e r i v a t i o n  of e q u a t i o n s .  

When Qgiven > %omp a 
c e n t r a l  s e c t i o n  may be  added t o  t h e  c r o s s  s e c t i o n  c a p a b l e  o f  d e l i v e r i n g  

- 
(Qgiven Qcomp ) a s  shown i n  F i g u r e  8-8 .  

F igure  8-8 .  C e n t r a l  s e c t i o n  added t o  a  c r o s s  s e c i i o n .  

Example C 

Using t h e  d a t a  from Ifxarnple B t he  i d e a l  s t a b l e  s e c t i o n  i s  

determined,  assuming Q = 10 mJ/sec.  

S o l u t i o n  

T 
!. 

C 1. d  =--- 
max 0.97yS 

Given rc i s  e q u a l  t o  0 . 9  kg/m 2  

Equa t ion  8-16 and F i g u r e  8-3 

2 .  ,. A i s  computed 

3 .  U i s  computed 

1 u = -  1.55 cos4 
0.022 [ n L . 2  

- ( 1  - 4. s i n  $I 2  

U = 1.017 - 1 .02  m/sec 

4 .  Q i s  computed 



5 .  The d i s c h a r g e  o f  c e n t r a l  p a r t  i s  computed 

Qcen t  
= 10.00 - 6 .71  = 3 .29  mJ/sec 

6  The w i d t h  o f  t h e  c e n t r a l  p a r t  B i s  computed u s i n g  Manning's 
e q u a t i o n ,  n o t i n g  t h a t  

Q c e n t  
A c e n t  = B x 1.55 = 

E m p i r i c a l  R e l a t i o n s  f o r  S t a b l e  Channel Design 

Lacey (1929) pub l i shed  and then amended t w i c e  f o r  a  method f o r  
d e s i g n i n g  s t a b l e  sandbed channe l s  based on f i e l d  d a t a .  Lacey ' s  most 
common d e s i g n  r e l a t i o n s  a r e  g i v e n  i n  t h e  fo l lowing  paragraphs  and Tab le  
8-5. 

F i e l d  d a t a  s y s t e m a t i c a l l y  grouped and analyzed by Lacey y i e l d e d  

w i t h  a = 1 . 1 7  and bl = 0 . 5 .  Equat ion 8-18,  t h a t  has a  s i m i l a r  form 
1 t o  Kennedy's r e l a t i o n ,  t a k e s  t h e  form 

T h i s  e q u a t i o n  i s  i n  E n g l i s h  u n i t s .  According t o  Lace.y, when Equa t ion  
8-19 a p p l i e d  t o  any t y p e  of sand-bed channel  g i v e s  a c c e p t a b l e  r e s u l t s  
and t h e  c a n a l  des igned a c c o r d i n g l y  i s  s t a b l e . ,  I n  f a c t  f o r  l a r g e  p l a i n s  
of mi ld  s l o p e  and f i n e  g r a n u l a r  s o i l  L a c e y ' s  method i s  reasonab ly  
s u c c e s s f u l .  Lacey, fu r the rmore  d e f i n e d  a  s i l t  f a c t o r  f  expressed  
a s  

a. 
2  

The v a l u e  of a l  
v a r i e s  w i t h  t y p e  of m a t e r i a l  i n  which t h e  c a n a l  i s  

excava ted .  Then 

Lacey has  g iven  two a d d i t i o n a l  e q u a t i o n s  s i m i l a r  t o  Equa t ion  8-21.  A 
r e c e n t  one is  

Table  8-4 summarizes t h e  v a l u e s  of c o e f f i c i e n t  f  proposed by Lacey. 

For  c a n a l s  w i t h  t h e  same h y d r a u l i c  r a d i u s  excava ted  i n  s i m i l a r  s o i l  
t h e  p roduc t  f R  i s  c o n s t a n t .  P o s s i b i l i t i e s  e x i s t  that f P  and £A 



may b e  c o n s t a n t  
u s i n g  a v a i l a b l e  

2  A£ = 
and 

g f 2  = 

Lacey suggested 

f o r  c o n s t a n t  v a l u e s  o f  
f i e l d  d a t a  showed t h a t  

v e l o c i t y .  From t h i s  p o i n t  Lacey, 

two more r e l a t i o n s  t o  h e l p  d e f i n e  f .  One i s  a  f u n c t i o n  
of Manning's n and t h e  second i s  a  f u n c t i o n  of t h e  mean g r a i n  s i z e  
n 

Table  8-4. Values of s i l t  f a c t o r  f proposed by Lacey('?c). 

N a t u r a l  S o i l  f  

Lower M i s s i s s i p p i  s i l t  0.357 
Standard Kennedy s i l t  1 . 0 0  
Nedium sand 
Coarse sand 
F ine  g r a v e l  
Large pebb les  and c o a r s e  g r a v e l  
Small b o u l d e r s ,  s h i n g l e  and f i n e  g r a v e l  
Medium b o u l d e r s ,  s h i n g l e  and f i n e  g r a v e l  
Large b o u l d e r s ,  s h i n g l e  and f i n e  g r a v e l  
Large s t o n e s  
Massive b o u l d e r s  (D - 25 i n . )  

DS0 i n  t h i s  formula i s  expressed  i n  i n c h e s .  When D50 i s  g iven  i n  

m i l l i m e t e r s  Equa t ion  8-26 t a k e s  t h e  form 

I n  d e s i g n i n g  a  s t a b l e  channel  u s i n g  Lacey ' s  method, f o r  a g iven  Q 
an f  f a c t o r  may be chosen accord ing  t o  t h e  n a t u r e  of t h e  s o i l .  Tab le  
8-4 o r  one of t h e  Equa t ions  8-26 o r  8-27 y i e l d s  U. Using t h e  v a l u e  f o r  
U ,  A can be c a l c u l a t e d  from Equat ion 8-23 o r  R can be  o b t a i n e d  from 
Equat ion 8-21 

2  R = 0.7305 U / f  (8-28) 

Consider ing Equa t ions  8-28 and 8-23 

The wet ted  p e r i m e t e r  P i s  expressed a s  a f u n c t i o n  of mean v e l o c i t y .  
I t  can a l s o  be expressed  a s  a  f u n c t i o n  o f  Q .  When v e l o c i t y  
U i s  e l i m i n a t e d  from Equat ions  8-29 and 8-24 



Cons ider ing  Equa t ions  8-28, 8-25, and 8-24 it i s  p o s s i b l e  t o  e x p r e s s  t h e  
l o n g i t u d i n a l  s l o p e  S a s  a  f u n c t i o n  o f  f  and Q u s i n g  Manning's 
r e l a  t i o n  

The s e t  o f  r e l a t i o n s  proposed by Lacey f o r  t h e  computat ion o f  s t a b l e  
channel  i s  summarized i n  Table  8-5 and channel  d e s i g n  i s  i l l u s t r a t e d  i n  
Example D .  

Tab le  8-5. Lacey ' s  formulae f o r  computation o f  s t a b l e  c h a n n e l s .  

As a n  a l t e r n a t i v e  t o  t h e  Lacey e q u a t i o n  r e f e r  t o  F i g u r e s  6A1-9, 
i n c l u s i v e  p repared  by Simons (1963) a t  t h e  end of Chapter  6 i n  
Appendix 6A. 

Example D 

Given a  d i s c h a r g e  of 11,000 c f s  and a  bed m a t e r i a l  f o r  which t h e  
median d iamete r  is 0 . 2 3  mm and o = 1.5, a s t a b l e  channe l  shou ld  be 
des igned  u s i n g  a  = 112. 

S o l u t i o n  

1. The s i l t  f a c t o r  shou ld  be determined u s i n g  Equa t ion  8-27 

T h i s  v a l u e  o f  f r e p r e s e n t s  a  minimum v a l u e .  From e x p e r i e n c e  
f = 0.89. 

2 .  Wetted p e r i m e t e r  P i s  determined u s i n g  Equa t ion  8-35 



Bed s l o p e  S i s  determined u s i n g  Equat ion 8-36 

Hydraul ic  r a d i u s  R i s  deternlined u s i n g  Equat ion 8-33 

Wetted a r e a  A i s  determined us ing  Equa t ion  8-34 

A = 1.26 x 11000~/~/0 . 8 d 3  = 3055 f t  2 

V e l o c i t y  i s  determined 

u = - -  - -- llooo - 3.60 c f s  
A 3055 

Check t h i s  v a l u e  wi th  Equat ion 8-32 

U = 0.794 11000~/~ 0.89~'~ = 3.60 c f s  

Dimensions of t h e  t r a p e z o i d a l  c r o s s  s e c t i o n  a r e  determined 

Top wid th  T  i s  determined 

Manning's n  i s  determined 

1.49 R2/3s1/2 n = -  u 

The bed form should be dunes .  The d e s i g n  may be  r e v i s e d  i f  
n e c e s s a r y ,  o the rwise  t h e  v e l o c i t y  may be t o o  h i g h  c a u s i n g  
e x c e s s i v e  bank e r o s i o n .  



Example E 

A s t a b l e  c a n a l  s e c t i o n  should be des igned  f o r  t h e  f o l l o w i n g  
c o n d i t i o n s  

3 Q = 1500 m / s e c  S = 0 .001  DS0 = 2 . 5 4  cm 

y, = 2.68  t / m  3 g = 9 . 8 1  m/sec = l om6  m2/sec 

n = 0.023 (F igure  8-9) 

I f  necessa ry  t h e  c a n a l  should  b e  l i n e d .  The f low c a r r i e s  abundant 
sediment  and t h e  n a t u r a l  s o i l  from which t h e  c a n a l  i s  , excava ted  ranges  
from graded loam t o  cobb les  f r e e  from c o l l o i d a l  m a t e r i a l .  

S o l u t i o n  1 

Maximum p e r m i s s i b l e  v e l o c i t y  

1. U = 1 . 5 2  m/sec i s  determined from Table  8-1 
P e r  

2 .  Maximum p e r m i s s i b l e  v e l o c i t y  i s  determined from Equa t ions  8-1 
and 8-2 u s i n g  t h e  r e l a t i o n s  of Mavis and C a r s t e n s  

Using C a r s t e n s '  r e l a t i o n  

1 .68 x 3 . 6 1  ( tan$cosa  - s i n a )  

From F i g u r e  8-4 

Q = 35O f o r  v e r y  round m a t e r i a l  
0 = 33.69' t h e n  z = 1 . 5  
S = t a n a  = 0.001 and a = 0.057 - 0.06.  Then 

These two v a l u e s  r e p r e s e n t  t h e  v e l o c i t y  a t  t h e  bed and may be  
checked a f t e r  mean v e l o c i t y  i s  determined.  

3 .  A i s  determined 



Figure 8 - 9 .  Cross s e c t i o n  of t h e  c a n a l  i n  Example E. 



R from Manning's equa t ion  i s  determined 

R ~ / ~  0 . 0 0 1 ~ ' ~  and R = 1.16  1 .52  = - 0.023 

For a  t r a p e z o i d a l  s e c t i o n  using 

2  1 
R = 1.16,  A = 987 m , and z = - 1.5  

b  and d a r e  

Considering t h e  equa t ions  given i n  Table 8-2 using N e i l l ' s  
equa t ion  

Using Plirtshkulava ' s equat ion 

n = 1 +  
0.0254 

0.00005 + 0 . 3  x 0.0254 
= 4 . 3 1  and 

U = ( l og  
Per  

= 1 . 7 3  

Computing bottom 

m/sec 

v e l o c i t y ,  assuming k = 
S 

- -  1 16 1 
- 8 .5  + 5 .75  log  - x - 

U, 6 0.0254 

Then U+ = 0.112 and 

U = 0.112 x  8 . 5  = 0.95 m/sec = 3.12 
b 

This  va lue  of Ub i s  approximately t h e  same a s  t h a t  given by 
Ca r s t en ' s  equat ion b u t  t h e  va lue  given by t h e  Mavis equa t ion  i s  low. 

Table 8-6 summarizes permiss ib le  v e l o c i t i e s  ob ta ined  us ing  
d i f f e r e n t  approaches.  

Table 8-6. Maximum permiss ib le  v e l o c i t i e s .  

Mavis Ub = 0.83  m/sec = 2.73 f t / s e c  

Cars t e n s  U = 1.02 m/sec = 3.36 f t / s e c  b 
F o r t i e r  and Scobey 
Ne i l1  
Mirtshkulava 

U = 1.52 m/sec i s  t h e  mean va lue  of t he  v e l o c i t i e s  t hus  compuked. 



S o l u t i o n  2  

C r i t i c a l  s h e a r  s t r e s s  method ( c f .  Example R )  

S o l u t i o n  3  

C o e f f i c i e n t  K i s  computed from Equa t ion  8-7 

2 
K = cos  (33.69)  t a n  33-69  

= 0 .254  

C r i t i c a l  s h e a r  i s  determined from F i g u r e  8-5 

P e r m i s s i b l e  s h e a r  on t h e  s i d e  s l o p e  i s  computed 

For  impending motion,  assuming 

r = 0.79 ySR = 0.79 R kg/m 
2  

Then 

0.56 - 0 . 7 1  0 .56 = 0 .79  R and R = - - 
0.79 

A and P a r e  determined 

Q = -  A 0 . 7 1 ~ ~ ~  0 . 0 0 1 ~ ' ~  = 1500 rn 3  / s e c ,  
0 .023 

N 

A = 1641.35 - 1641 m2 and 

P = 1641 x  0 . 7 1 ~ '  Z 2311 m 

Dimensions of t h e  c r o s s  s e c t i o n  a r e  determined 

(b  + 1 . 5 d )  d  = 1641 

b + 3 . 6 1  d = 2311 from which 

b  = 2308.43 . and  d = 0 . 7 1  

I d e a l  s t a b l e  s e c t i o n  ( c f .  Example C) 

1. d = 2 . 2  
3  

= 2.268 - 2.27 m 
max 0 .97 x 0 . 0 0 1  x 10 



4 .  Compute Q i s  computed a s  

5 .  The d i s c h a r g e  of  t h e  c e n t r a l  p a r t  i s  computed a s  

3  
Q c e n t  = 1500 - 24 = 1476 rn / s e c  

6 .  Width B of  t h e  c e n t r a l  p a r t  i s  computed a s  

7 .  T i s  computed a s  2  

d n / 2  T -  max - - - A 
2 tan$ 

- 5.09 - 2 .27  x tan35 - 

Summary of  R e s u l t s  

Maximmi p e r m i s s i b l e  v e l o c i t y  method 

d = 1 .16  i n  

C r i t i c a l  s h e a r  v e l o c i t y  method 

d = 0 . 7 1  m 

I d e a l  s t a b l e  c r o s s  s e c t i o n  method 

d  = 2 .27  m 

U = 236 m/sec 

(")The v e l o c i t y  U = 1 .52  m/sec i s  used t o  compute b and d .  



Lin ing  

Cross s e c t i o n s  a s  computed above a r e  n o t  economical and 
a r e  n o t  good c o n c e p t u a l l y  from an  e n g i n e e r i n g  v iewpoin t .  I t  i s  p o s s i b l e  
t o  o b t a i n  a  more p r a c t i c a l  s e c t i o n  by us ing  a p r o p e r l y  des igned l i n i n g  
and a  s m a l l e r  s e c t i o n .  For  example 

1. Choosing 

then  

A = (b  + 1 .5d)d  and b  = 50d 

51  5d2 R = - = 0.96d and R 'I3 : 0.973d2/3 
53.61d 

2 .  Check t h i s  s e c t i o n  f o r  s t a b i l i t y  

The channel  s e c t i o n  i s  n o t  s t a b l e .  

3 .  To choose r i p r a p  s i z e  f o r  s t a b i l i z a t i o n  of t h e  channel  
s e c t i o n ,  compute r e q u i r e d  r i p r a p  s i z e  f o r  t h e  bed u s i n g  Neyer- 
P e t e r ' s  c r i t e r i a  -. 

Assuming 

S = 2.65 f o r  the. r i p r a p  
S 



t h i s  i s  a  medium s i z e  g r a v e l .  The paramete r  shou ld  be  checked 

The f low i s  f u l l y  t u r b u l e n t .  Hence, Equa t ion  8-38 can b e  used.  
should  be checked u s i n g  SF = 1 . 2  f o l l o w i n g  A c c e p t a b i l i t y  of DS0 . 

t h e  p rocedure  o u t l i n e d  xn Riprap Design w i t h  S a f e t y  F a c t o r s  (Simons 
and S e n t u r k ,  1977, page 4 4 4 )  w i t h  t h e  s i d e  s l o p e  s p e c i f i e d .  

4. S i z e  of r i p r a p  may be  checked u s i n g  U.S. Army Corps of 
Engineers '  approach.  The fo l lowing  d a t a  w i l l  be  used i n  
s o l v i n g  t h e  problem. 

4 = 36' from F i g u r e  8-4 

Dete rmina t ion  of t h e  s a f e t y  f a c t o r .  From Equa t ion  8-39 

and from Equa t ion  8-26 

8 = t a n  - 1 cosA 
(2s in0  1 
qtanm + 

- 1 8 = tan 0.999 
(2 x 0.555 + o5 10-3 ) = 37-88' 

1.19x0.727 

The v a l u e  of Q' i s  g iven  by Equa t ion  8-28 a s  

1 + s i n  (A + fi) 
q t = q {  2  I 



The s a f e t y  f a c t o r  f o r  t h e  rock i s  g iven by Equat ion 8-25 o r  

Th is  r i p r a p  i s  n o t  s t a b l e .  Hence, a d d i t i o n a l  computat ions  a r e  
r e q u i r e d .  These a r e  t a b u l a t e d  i n  Table  8-7. 

Table  8-7. Addi t iona l  c o n ~ p u t a t i o n s .  

Choose O = 33.69' t a n 8  = - A = 0 . 0 6 O  
1 .5  

Choose 0 = 29 .75 ,  t a n 0  = - A = 0.06 
1 .75 

D5 0 
f t 

0.10 
0.50 

The c h a r a c t e r i s t i c s  of t h e  s t a b l e  s e c t i o n  a r e  t h e n  

8 . 3  UTILITY OF VEGETATION AND ITS IMPACT ON CHANNEL STABILITY 

Q 
degrees  

3  6 
40 

General  

S t a b i l i t y  of a  s t ream,  r i v e r ,  o r  c a n a l  r e f e r s  t o  how channe l s  
accommodate t h e  wa te r  and sediment in f low.  "Most r i v e r s  i f  l e f t  
complete ly  t o  t h e i r  own d e v i c e s ,  w i l l  develop q u a l i t i e s  t h a t  a r e  a t  b e s t  
inconven ien t  t o  man and h i s  a c t i v i t i e s  and a t  wors t  a  t h r e a t  t o  l i f e  and 
p r o p e r t y , "  (Henderson, 1966). Thus man's i n t e r f e r e n c e  w i t h  t h e  n a t u r a l  
response of r i v e r s  developed.  More over ,  removal of n a t u r a l  v e g e t a t i o n  
i n  t h e  d r a i n a g e  b a s i n s  o f t e n  aggreva ted  problems a l o n g  s t reams  and 
r i v e r s .  

t a n @  

0.727 
0.839 ------ --- 

There have been many e f f o r t s  t o  s t a b i l i z e  channe l s  and overcome 
t h e s e  problems o r  i.n o t h e r  words,  t o  keep t h e  r i v e r  where it i s .  To 
accomplish t h i s  many d e v i c e s  a r e  used depending on t h e  l o c a l  r i v e r  

11 

1.19 
0.238 

p 

37.88 
10.20 

rl ' 

0.96 
0 .14  

SF 

0.533 
1 .05 

--. -- 



environment .  Although v a r i o u s  t y p e s  of l i n i n g s  and j e t t i e s  a r e  t h e  
u s u a l  approach o n l y  t h e  use of v e g e t a t i o n  a s  an  i n s t r u m e n t  of channel  
s t a b i l i z a t i o n  w i l l  b e  d i s c u s s e d .  

The methods c u r r e n t l y  used t o  p r e d i c t  s t a b i l i t y  of a  v e g e t a t i v e  
l i n i n g  w i l l  be  reviewed and e v a l u a t e d  i n  terms of p h y s i c a l  s i g n i f i c a n c e .  
Also,  a  new approach based on t h e  i n t e r a c t i o n  o f  f low and v e g e t a t i v e  
p r o p e r t i e s  w i l l  be  sugges ted .  

S i n c e  s t a b i l i t y  l i m i t s  of v e g e t a t i v e  channel  l i n i n g s  a r e  e a s i l y  
exceeded and v e g e t a t i o n  i s  n o t  s u i t a b l e  a s  a  l i n e r  f o r  permanent 
submergence, o t h e r  forms of bank p r o t e c t i o n  and t h e i r  use  i n  c o n j u n c t i o n  
w i t h  v e g e t a t i v e  l i n i n g s  w i l l  a l s o  be  d i s c u s s e d .  

8 . 4  PETHODS OF DETERMINING STABILITY OF GRASSED CHANNELS 

To d a t e  f o u r  methods t o  e v a l u a t e  s t a b i l i t y  of g r a s s  1 ini .ng have 
been proposed of which two a r e  i n  g e n e r a l  u s e .  

Maximum P e r m i s s i b l e  V e l o c i t y  

S i n c e  abou t  1935, many flow t e s t s  over  common American and 
A u s t r a l i a n  g r a s s e s  have been performed and summarized by Cox and Palmer 
( l 9 4 8 ) ,  Ree and Palmer ( l 9 4 9 ) ,  and E a s t g a t e  (1966) .  I n  each t e s t  dep th  
of s c o u r  and g e n e r a l  appearance of t h e  channel  was n o t e d .  Whenever 
c o n d i t i o n s  were such t h a t  unaccep tab le  r a t e s  of s c o u r  and d e s t r u c t i o n  of . t h e  channel  l i n i n g  occur red  t h e  mean v e l o c i t y  of f low was n o t e d .  Then 
t h e  maximum mean v e l o c i t y  t h e  channel  wi ths tood  w i t h o u t  s ign i . f i . can t  
damage was sugges ted  a s  t h e  maximum p e r m i s s i b l e  v e l o c i t y .  V e l o c i t i e s  
t a b u l a t e d  i n  Tab le  3 of t h e  "Handbook of Channel Design f o r  S o i l  and 
Water Conservat iont t  a r e  reproduced i n  Tab le  8-8. 

I t  shou ld  be no ted  t h a t  g e n e r a l l y  maximum permissib1.e v e l o c i t y  i s  
l e s s  f o r  l a r g e r  s l o p e s .  Also ,  v e l o c i t i e s  s t a t e d  were o f t e n  g r e a t l y  
exceeded w i t h o u t  damaging t h e  exper imenta l  channe l s  from which t h e  d a t a  
was d e r i v e d .  Of c o u r s e ,  t h e s e  channe l s  were u s u a l l y  p r e p a r e d  w i t h  g r e a t  
c a r e  and under i d e a l  c o n d i t i o n s  r e s u l t i n g  i n  v e g e t a t i v e  l i n i n g s  o f  
g r e a t e r  d e n s i t y  and u n i f o r m i t y  t h a n  t h o s e  found i n  t h e  f i e l d .  

' P e r m i s s i b l e  T r a c t i v e  Force  

Because t h e  removal of s o i l  p a r t i c l e s  occurs  when t h e  f o r c e  e x e r t e d  
on t h e  p a r t i c l e  exceeds t h e  f o r c e  r e s i s t i n g  movement, it i s  more appro- 
p r i a t e  t o  b a s e  s t a b i l i t y  c r i t e r i a  on l o c a l  boundary c o n d i t i o n s .  Fur-  
thermore ,  i n  t h e  c a s e  of p e r m i s s i b l e  v e l o c i t y ,  l o c a l  v e l o c i t y  t h a t  
a c t u a l l y  impinges on t h e  p a r t i c l e  and causes  i t s  movement i s  s m a l l e r  
t h a n  t h e  mean v e l o c i t y  of f low.  The d i sc repancy  i n c r e a s e s  w i t h  d e p t h .  
F i g u r e  8-6b g i v e s  t h e  a p p r o p r i a t e  c o r r e c t i o n  for: b a r e  channe l s :  Using 
t h e  t r a c t i v e  f o r c e  approach,  t h i s  problem i s  circumvented s i n c e  t h e  
t r a c t i v e  f o r c e  c a l c u l a t e d  a t  any p o i n t  on t h e  channel  boundary i s  t h e  
e r o s i v e  a g e n t .  



Table  8-8.  P e r m i s s i b l e  V e l o c i t i e s  f o r  Channels Lined w i t h  V e g e t a t i o n .  1 
The v a l u e s  app ly  t o  average uniform s t a n d s  of each t y p e  o f  
cover  (USDA, 1954) .  

P e r m i s s i b l e  v e l o c i t y  
Slope 

Cover 2 Eros ion  
range E a s i l y  

r e s i s t a n t  s o i l s  eroded s o i l s  

Percen t  F t  p e r  s e c  F t  p e r  s e c  

0-5 
Bermudagrass . . . .  5-10 

over  10 

B u f f a l o g r a s s  
Kentucky b l u e g r a s s  . . . 
Smooth brome 
Blue grama 

Grass mixuture  . . . . . 

0-5 
5-10 

over  10 

Lespedeza s e r i c e a  
Weeping l o v e g r a s s  
Yellow b lues t ream . . . . 30-5 
Kudzu 
A l f a l f a  
Crabgrass  4 
Common lespedeza  . . . . 50-5 

Sudangrass 
2 

'use v e l o c i t i e s  exceeding 5 f e e t  p e r  second o n l y  where goad c o v e r s  and 
p roper  maintenance can be  ' ob ta ined .  

Q 
L Do n o t  use  on s l o p e s  s t e e p e r  t h a n  10 p e r c e n t  e x c e p t  f o r  s i d e  s l o p e s  i n  

a combination channe l .  

'DO n o t  u s e  on s l o p e s  s t e e p e r  t h a n  5 p e r c e n t  e x c e p t  f o r  s i d e  s l o p e s  i n  
a combination channe l .  

4 Annuals--used on mi ld  s l o p e s  o r  a s  temporary p r o t e c t i o n  u n t i l  permanent 
covers  a r e  e s t a b l i s h e d .  

'use on s l o p e s  s t e e p e r  t h a n  5 p e r c e n t  i s  n o t  recommended 



For  a  v e g e t a t i v e  l i n i n g ,  a p p l i c a t i o n  o f  t h e  t r a c t i v e  f o r c e  approach 
becomes d i f f i c u l t .  F i g u r e  8-10 i s  a  s k e t c h  of a  t y p i c a l  d i s t r i b u t i o n  of 
v e l o c i t y  and s h e a r  i n  a  v e g e t a t e d  channe l .  I n  t h e  f i g u r e  u i s  t h e  
mean v e l o c i t y  a t  a  d i s t a n c e  y  from t h e  bed and t i s  t h e  t o t a l  s h e a r  
a t  y  g iven  by 

i n  which yn i s  t h e  dep th  o f  f low.  S u b s c r i p t  n  i m p l i e s  normal d e p t h ,  
t h u s  uniform f low i s  r e f e r e n c e d .  When y  = 0 ,  t h e  t o t a l  bed s h e a r  r = 

F i g u r e  8-10. D i s t r i b u t i o n  of s h e a r  and v e l o c i t y  i n  a  v e g e t a t e d  channe l .  

S i n c e  d r a g  e x e r t e d  on v e g e t a t i o n  by f lowing  w a t e r  i s  p r o p o r t i o n a l  

t o  u2 f o r  t u r b u l e n t  f low,  much of t h e  f l u i d  s h e a r  i s  t r a n s f e r r e d  t o  
t h e  v e g e t a t i o n  a t  t h e  t i p s  where v e l o c i t y  i s  g r e a t e s t .  A s  t h e  v e l o c i t y  
i s  g r e a t l y  reduced a t  lower l e v e l s  i n  t h e  v e g e t a t i o n ,  t h e  amount of 
s h e a r  t r a n s f e r r e d  by t h e  f l u i d  towards t h e  bed i s  g r e a t l y  reduced.  If 
t h e  v e g e t a t i o n  i s  t a l l  and s t i f f  enough, a  l a y e r  of v i r t u a l l y  z e r o  
v e l o c i t y  g r a d i e n t  w i l l  e x i s t .  T h i s  i m p l i e s  z e r o  f l u i d  s h e a r  i n  t h i s  
l a y e r  g iven  by t h e  Boussinesq e x p r e s s i o n  f o r  t u r b u l e n t  s h e a r  



where E i s  t h e  v i r t u a l  o r  eddy kinemat ic  v i s c o s i t y  and p t h e  mass 
d e n s i t y  o f  t h e  l i q u i d .  A s  a  r e s u l t ,  t h e  o n l y  s h e a r  a c t i n g  on t h e  s o i l  
i s  t h a t  r e q u i r e d  t o  reduce r e s i d u a l  v e l o c i t y  u  t o  z e r o .  I n  

r 
E a s t g a t e ' s  exper iments  u  seldom exceeded . 3  m / s  (1 f t / s )  f o r  s l o p e s  

r 
up t o  7 p e r c e n t .  Such v e l o c i t i e s  a r e  w e l l  below t h e  lowes t  p e r m i s s i b l e  
v e l o c i t y  f o r  b a r e  s o i l s  and should n.ever r e s u l t  i n  e r o s i o n  among g r a s s .  
Fur thermore,  it may be argued t h a t  t h e  v e l o c i t y  g r a d i e n t  i n  t h i s  bottom 
l a y e r  i s  always s m a l l e r  t h a n  t h e  v e l o c i t y  g r a d i e n t  a t  s i m i l a r  d i s t a n c e s  
from an  unobs t ruc ted  bed.  I t  can t h u s  be  expec ted  t h a t  f o r  t h e  s i t u a -  
t i o n  shown i n  F i g u r e  8-10 t h e  e f f e c t i v e  s h e a r  

55 
i s  always l e s s  t h a n  

t h e  p e r m i s s i b l e  t r a c t i v e  f o r c e  on a  b a r e  s o i l .  

Temple (1979) suggested a  method t o  q u a n t i f y  t h i s  e f f e c t i v e  s h e a r  
by u s i n g  t h e  Tay lor  and Brooks (1962) l o g i c  of wr i . t ing  t o t a l  s h e a r  a s  

To = pgyn (Sf  + S") 

where S f  i s  t h e  energy s l o p e  a s s o c i a t e d  w i t h  t.he time average  s h e a r  o f  
t h e  s o i l  boundary and S" i s  t h e  d r a g  of v e g e t a l  e l e m e n t s .  Repeated 
a p p l i c a t i o n  o f  Manning's e q u a t i o n  y i e l d s  

and 

where n  and nv a r e  t h e  Manning c o e f f i c i e n t s  a s s o c i a t e d  w i t h  s o i l  
s 

and v e g e t a t i v e  r e s i s t a n c e  r e s p e c t i v e l y .  S i n c e  S  = S '  + S", 

n = 
S 

(8 -44)  

Temple t h e n  s t a t e s  t h a t  nS 
i s  r e l a t i v e l y  c o n s t a n t  f o r  a  g iven  s o i l .  

Thus i n  a  v e g e t a t i v e  channel  n  i s  t h e  v a r y i n g  f a c t o r .  Temple v  
s u g g e s t s  t h i s  i m p l i e s  a  f u n c t i o n a l  r e l a t i o n  f o r  nv 

where C I  i s  a n  emper ica l  parameter  d e s c r i b i n g  v e g e t a t i o n  and RV i s  a  
f low paramete r .  He w r i t e s  a r e l a t i o n  f o r  n  w i t h  CI and Ry a s  t h e  

v a r i a b l e s  t o  reproduce t h e  A-E n-VR curves  given i n  t h e  Handbock of 
Channel Design f o r  S o i l  and Water Conservat ion (USDA, 1954). Next 
Temple reasons  t h a t  it i s  t h e  v e g e t a t i v e  stems a b i l - i t y  t o  d i s s i p a t e  
l a r g e  t u r b u l e n t  e d d i e s  genera ted  a t  t h e  v e g e t a t i o n  t i p s  through waving 
t h a t  de te rmines  t h e  e r o s i o n  p r e v e n t i o n  c h a r a c t e r i s t i c s  o f  v e g e t a t i o n .  
He w r i t e s  a  f u n c t i o n a l  r e l a t i o n  

where Te i s  t h e  e f f e c t i v e  s h e a r  s t r e s s  a t  t h e  s o i l - w a t e r  i n t e r f a c e ,  
CF i s  an  emper ica l  parameter  d e s c r i b i n g  t h e  p o t e n t i a l  o f  cover  t o  
- 

d i s s i p a t e  t u r b u l e n t  edd ies  n e a r  t h e  bed ,  f(CF) i s  a  f u n c t i o n  d e s c r i b -  
i n g  t h e  v e g e t a l  i n f l u e n c e  on t u r b u l e n c e  genera ted  a t  t h e  s o i l  boundary,  



and g(C,,C,) i s  a  func t ion  descr ib ing  t h e  vege ta l  i n f luence  on t h e  
U I 

turbulence generated i n  t he  flow f i e l d  by vege ta l  d rag .  Temple then  

s t a t e s  t h a t  g(C C ) tends t o  zero because turbulence  generated a t  
some d i s t a n c e  awa?' &om the  bed would not  e f f e c t  condi t ions  a t  t h e  bed. 
He a r b i t r a r i l y  de f ines  f(CF) = CF r e s u l t i n g  i n  

The CF va lues  l i s t e d  by Temple (1979) were obtained assuming a  
re ference  channel of depth 0 .61  m (2 f t )  and vegeta ted  such t h a t  
Manning's n  f e l l  on t h e  C re ta rdance  curve.  Using al lowable t r a c -  
t i v e  fo rce  f o r  t h e  s o i l  i n  ques t ion  a s  t h e  e f f e c t i v e  shear  s t r e s s ,  
Equation 8-47 can be solved f o r  CF. Presumably S i n  Equation 8-47 
was obtained through t h e  Manning formula during c a l i b r a t i o n .  The allow- 
ab le  t r a c t i v e  fo rce  f o r  a  s o i l  type was obtained from F o r t i e r  and 
Scobey's (1926) da t a  and recommendations. 

Eouivalent  Stone S ize  

Parsons (1963) introduced t h e  not ion  of an equ iva l en t  s tone  s i z e  t o  
desc r ibe  r e s i s t a n c e  of vege ta t ion  t o  d e s t r u c t i o n  by flowing water .  Us- 
i ng  Ree and Palmer 's  (1949) t a b u l a t i o n  of a l lowable v e l o c i t i e s ,  s l o p e s ,  
and hydrau l i c  r a d i i  Parsons computed t h e  s tone  s i z e s  requi red  t o  give 
the  same bank p ro t ec t ion .  Equivalent s i z e s  a r e  reproduced i n  Table 8-9 .  

This  approach can give t h e  des igner  f a m i l i a r  wi th  c a p a b i l i t y  of 
s tone  p r o t e c t i o n  an apprec ia t ion  of t h e  p r o t e c t i v e  c a p a b i l i t i e s  of a  
vege ta t ive  l i n e r .  I t  a l s o  permits  a  ready comparison of c o s t s .  

Maximum Permiss ib le  Depth 

Normann (1975) converted t h e  Handbook's (USDA, 1954) va lues  f o r  
permiss ib le  v e l o c i t y  t o  va lues  f o r  permiss ib le  depth.  For a  s e r i e s  of 
s lopes  he found permiss ib le  v e l o c i t y ' s  v e l o c i t y .  lie then  assumed t h e  
permiss ib le  v e l o c i t y  t o  be mean c e n t r a l  v e l o c i t y  and us ing  n-VR curves 
(USDA, 1954) he found n  and R t o  match n  versus  VR. Next he s e t  , . 
d = R (R i s  t h e  hydraul ic  r ad ius )  and then  p l o t t e d  d versus  
ma x  max 

s lope  f o r  each vege ta t ion .  

Table 8-9. Equivalent  s tone  s i z e s  f o r  Bermuda g r a s s  l i n i n g s  
(Parsons, 1963). 

Allowable Equivalent  
Condition of Bermuda grass  shear  s t r e s s  s tone  diameter  

\ 
Lb/sq. f t  Inches 

F a i r  s t and ,  s h o r t , '  dormant . . . . . . . 0 .9  , 2  
Good' s t and ,  kept f h o r t ,  dormant . . . , . 1.1 2  
Good s t a n d ,  long,  dormant . . . . . . . 2.8  5 . 5  
Exce l len t  s t and ,  kept  s h o r t ,  green . . . 2.7  5 . 5  
Good s t and ,  long,  green . . . . . . . . . 3 . 2  6 .5  

\ 

' l e ss  than  5 inches high.  

' ~ r e a t e r  than 8  inches high.  



Thus i f  channel  s l o p e  and v e g e t a t i o n  t y p e  a r e  known, t h e  v a l u e  of 
p e r m i s s i b l e  dep th  i s  e a s i l y  determined from t h e  c h a r t s .  The remainder 
of t h e  c r o s s  s e c t i o n  i s  designed around t h i s  maximum d e p t h .  

P e r m i s s i b l e  D e f l e c t i o n  

The t r a c t i v e  f o r c e  method of de te rmin ing  channel  s t a b i l i t y  
i n c o r p o r a t e s  t h e  p h y s i c a l  a c t i o n s  of p a r t i c l e  removal a t  t h e  bed.  For 
channels  i n  which e r o d a b l e  p a r t i c l e s  a r e  a l s o  t h e  p a r t i c l e s  d i r e c t l y  
a f f e c t i n g  t h e  r e s i s t a n c e  t o  f low,  t h i s  approach i s  j u s t i f i a b l e .  I t  must 
be remembered however, t h a t  t h e  mechanism of s h e a r  o r  momentum t r a n s f e r  
i s  s t i l l  embodied i n  t h e  Boussinesq e x p r e s s i o n  f o r  s h e a r  (Equat ion 
8 -40) .  When s h e a r  i s  expressed a s  i n  Equa t ion  8-39, it i s  a n  e x p r e s s i o n  
o f  t h e  t ime average  v a l u e  of t h e  Boussinesq s h e a r  which v a r i e s  w i t h  
r e s p e c t  t o  time. Thus when a  l a r g e  t u r b u l e n t  v e l o c i t y  component i s  n e a r  
t h e  bed,  s h e a r  c r e a t e d  by t h e  l a r g e  v e l o c i t y  g r a d i e n t  i s  t h e  f o r c e  
removing t h e  p a r t i c l e .  Obviously magnitude o f  such a  s h e a r  v a r i e s  
randomly a s  does t h e  t u r b u l e n t  v e l o c i t y  c r e a t i n g  i t .  While t h i s  
i n s t a n t a n i o u s  s h e a r  cannot now by e x p l i c i t l y  d e f i n e d ,  two a s p e c t s  o f  
f low over  and through v e g e t a t i o n  a r e  c l e a r l y  e v i d e n t  from v e l o c i t y  
p r o f i l e s  over  g r a s s  and f l e x i b l e  l i n i n g s .  

1. When t h e  g r a s s  remains r e l a t i v e l y  u p r i g h t ,  v e l o c i t y  n e a r  
t h e  bed was seldom observed t o  exceed 0 . 3  m / s  (1 f t / s )  i n  any 
of E a s t g a t e ' s  (1966) exper iments  even though s l o p e s  ranged up 
t o  7 p e r c e n t .  

2 .  For  f low over  p l a s t i c  roughness and E a s t g a t e ' s  g r a s s  v e l o c i t y  
below a  d i s t a n c e  y '  ( t h e  v e l o c i t y  i n t e r c e p t )  was always smal l  
b u t  t h e  p l a s t i c  s t r i p s  waved downwards t o  abou t  y '  under t h e  
a c t i o n  of l a r g e  t u r b u l e n t  eddy v e l o c i t i e s .  

There fore  t h e  lowes t  p e r m i s s i b l e  v e l o c i t y  f o r  any s o i l  l i s t e d  i n  
Table 8-1 i s  .53 m / s  (1 .45  f t / s )  t h u s  it may be argued t h a t  any s o i l  
w i l l  be removed a s  long a s  y '  does n o t  approach t h e  bed.  I t  has  been 
observed t h a t  no l a r g e  t u r b u l e n t  v e l o c i t y  components r e a c h  a  l e v e l  lower 
than  y '  f o r  d a t a  c o l l e c t e d  over  p l a s t i c  s t r i p s .  F i g u r e s  8-11 and 8-12 

I 

a r e  p r o f i l e s  of mean v e l o c i t y ,  i n t e n s i t y  of t u r b u l e n c e  / u ,  and 
eddy k inemat ic  v i s c o s i t y  measured over  f l e x i b l e  p l a s t i c  roughness 
(Kouwen e t  a l . ,  1980) .  I n  F igure  8-11 boundary s h e a r  i s  s m a l l ,  t h e r e  i s  
l i t t l e  d e f l e c t i o n  of t h e  roughness,  and y '  i s  l o c a t e d  away from t h e  
bed a long  w i t h  t h e  h igh  v e l o c i t i e s .  I n  t h e  f i g u r e s  kmax, k ,  and kmin 

denote  maximum, average ,  and ~ninirrium l o c a t i o n s  o f  roughness t i p s  w h i l e  
waving up and down. I n  F igure  8-12 t o t a l  s h e a r  i s  i n c r e a s e d  and t h e  
q u a n t i t i e s  y '  , kmax, k ,  and kmin a r e  lowered.  I t  should be n o t i c e d  

i n  b o t h  f i g u r e s  t h e  p rox imi ty  of kmin t o  y '  b u t  more impor tan t  i s  

t h e  c l o s e n e s s  o f  kmin 
and y '  t o  t h e  bed i n  F i g u r e  8-12. T h i s  i n d i -  

c a t e s  t h a t  a t  t imes  v e r y  high v e l o c i t y  p a r t i c l e s  of f l u i d  e x i s t  n e a r  t h e  
bed s e t t i n g  up l a r g e  s h e a r  f o r c e s .  I t  i s  hypothesized t h a t  whenever y '  
c l o s e l y  approaches t h e  bed ,  l a r g e  v e l o c i t y  g r a d i e n t s  w i l l  i n t e r m i t t e n t l y  
e x i s t  n e a r  t h e  bed and e r o s i o n  r e s u l t s .  
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F i g u r e  8-11. V e l o c i t y  p r o f i l e  due t o  low s h e a r .  
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F i g u r e  8-12. V e l o c i t y  p r o f i l e  due t o  h igh  s h e a r .  



A l i n e  drawn through t h e  d a t a  f o r  p l o t  y ' I h  v e r s u s  k Ih  f o r  

f l e x i b l e  p l a s t i c  s t r i p s ,  i n t e r s e c t s  t h e  h o r i z o n t a l  a x i s  a t  abou t  
k /  = -35 i n d i c a t i n g  a  n e g a t i v e  y '  f o r  v a l u e s  of k /h  l e s s  t h a n  .35 

h  
(F igure  8-13) .  P h y s i c a l l y  t h i s  i s  imposs ib le  s i n c e  y '  must be  p o s i -  
t i v e  when t h e  datum i s  taken t o  be t h e  e l e v a t i o n  of s o i l - w a t e r  i n t e r -  
f a c e .  I n  a c t u a l  f a c t ,  t h e  l i n e  would curve  towards t h e  o r i g i n  of t h e  
graph.  I t  i s  f u r t h e r  hypothesized t h a t  t h e  i n t e r s e c t  o f  t h e  l i n e  w i t h  
t h e  h o r i z o n t a l  a x i s  approximates t h e  v a l u e  of k Ih  below which l a r g e  
t u r b u l e n t  v e l o c i t i e s  o c c a s i o n a l l y  p e n e t r a t e  t h e  l i n i n g  and cause  
e r o s i o n .  Should t h i s  hypo thes i s  be  t r u e ,  t h e  Ree and Palmer (1949) and 
Cox and Palmer (1948) d a t a  summaries should show a  s i g n i f i c a n t  change i n  
t h e  e r o s i o n  r a t e s  when t h e  r a t i o  

k Ih  
becomes l e s s  t h a n  .35 f o r  a  g iven  

flow s i t u a t i o n .  I n  doing t h i s  it i s  assumed t h a t  t h e  r e l a t i o n s h i p  y t /  h  
a s  a  f u n c t i o n  of 

k Ih  
de r ived  from p l a s t i c  roughness i s  v a l i d  f o r  r e a l  

v e g e t a t i o n .  I t  i s  impl ied t h a t  whenever a  l o c a l  s h e a r  i s  l a r g e  enough 
t o  bend t h e  l i n i n g  t o  t h i s  degree ,  e f f e c t i v e  s h e a r  on t h e  s o i l  w i l l  b e  
w e l l  above maximum p e r m i s s i b l e  t r a c t i v e  f o r c e  f o r  most s o i l s .  

A p e r u s a l  of t h e  Ree and Palmer (1949) and Cox and Palmer (1948) 
d a t a  i n d i c a t e s  t h e  above s t a t e d  h y p o t h e s i s  i s  t r u e .  F i g u r e  8-14 
cons i - s t s  of s e p a r a t e  p l o t s  of t h e  e r o s i o n  r a t e s  v e r s u s  t h e  r a t i o  

k1 h  
f o r  long  green Bermuda, s h o r t  g reen  Bermuda, Blue Grama, B u f f a l o ,  
Weeping Lovegrass ,  and A l f a l f a .  The open p o i n t s  r e f e r  t o  exper imenta l  
o b s e r v a t i o n s  of s c o u r  which were followed by h i g h e r  f lows b u t  w i t h  lower 
r a t e s  of s c o u r .  Cox and Palmer r e p o r t e d  t h e  exper iments  were r u n  a t  
s u c c e s s i v e l y  h i g h e r  f low r a t e s .  Of ten  some e r o s i o n  o f  l o o s e  m a t e r i a l  
occur red  at; low f lows followed by h i g h e r  r a t e s  o f  f low w i t h  no o r  
reduced r a t e s  of m a t e r i a l  removal. Obviously t h e s e  c o n d i t i o n s  d i d  n o t  
impair  t h e  channel  s t a b i l i t y .  S o l i d  p.oints r e f e r  t o  e r o s i o n  r a t e s  which 
i n c r e a s e  w i t h  i n c r e a s i n g  f low.  I t  i s  reasonab le  t o  conclude t h a t  t h e s e  
p o i n t s  i n d i c a t e  t h e  c o n d i t i o n  a t  which f a i l u r e  of t h e  l i n i n g  was 
i n i t i a t e d .  The p l o t s  i n  F i g u r e  8-13 show t h a t  f o r  l o n g  g reen  Bermuda, 
Blue Grama, B u f f a l o ,  Weeping Lovegrass ,  and A l f a l f a  f a i l u r e  of t h e  
v e g e t a l  l i n i n g  w i l l  u s u a l l y  r e s u l t  i n  k I h  b e i n g  l e s s  t h a n  .35.  There  
i s  t h u s  some v a r i a t i o n  f o r  s p e c i f i c  g r a s s e s .  . I t  appears  t h a t  f o r  s h o r t  
Bermuda g r a s s  f a i l u r e  i s  i n i t i a t e d  when k I h  b e c o m e s  less t h a n  0 . 6 0 .  
P l o t s  i n  F i g u r e  8-14 show t h a t  above t h e s e  critical v a l u e s  o f  k I h  

some 
and do n o t  r e s u l t  i n  c a t a s t r o p h i c  f a i l u r e  of t h e  l i n i n g .  

I n  t h e  d e f l e c t i o n  method, p r e d i c t i o n  was made s o l e l y  on t h e  
p h y s i c a l ,  e a s i l y  v i s u a l i z e d  behav ior  of t h e  f l u i d  and channel  l i n i n g .  
Th is  method i s  based on a  r a t i o n a l i z a t i o n  o f  observed phenomena and t h e  
i n t e r r n i t t e n c y  of t h e  p r o c e s s  i s  i m p l i c i t l y  i n c l u d e d .  The approach i s  
embodied i n  t h e  degree  t o  which t h e  l i n i n g  i s  deformed th rough  t h e  
r e l a t i o n  

given by Kouwen and Unny (1973) i n  which ME1 r e p r e s e n t s  s t i f f n e s s  o f  t h e  
l i n i n g  and to  to ta l .  boundary s h e a r  pg yn S .  Kouwen and L i  (1980) 

l i s t  v a l u e s  f o r  ME1 and Kouwen e t  a l .  (1980) summarize t h e  v a l u e s .  
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F i g u r e  8-13. P l o t  of y t J h  v e r s u s  k / h  f o r  p l a s t i c  roughness .  

8 .5  PRACTICAL CONSIDERATIONS 

Is i t  w e l l  known t h a t  v e g e t a t i v e  l i n i n g s  do n o t  w i t h s t a n d  l a r g e  
s h e a r  f o r c e s  nor  do t h e y  e a s i l y  survi .ve long  p e r i o d s  of submergence. 
Thus, v e g e t a t i v e  l i n i n g s  may be i m p r a c t i c a l  and o t h e r  l i n i n g s  such a s  
c o n c r e t e  o r  r i p  r a p  might be u t i l i z e d .  Althou.gh d e s i g n  of such l i n i n g s  
a r e  n o t  w i t h i n  t h e  scope of t h i s  p a p e r ,  o f t e n  composite l i n i n g s  can be 
u t i l i z e d  t o  reduce c o s t s .  Such l i n i n g s  may c o n s i s t  of c o n c r e t e  o r  r i p  
rap  i n  a r e a s  of h i g h  s h e a r  o r  long term submergence and v e g e t a t i o n  i n  
t h e  remainder of t h e  c r o s s  s e c t i o n .  Design of such l i n i n g s  a r e  covered 
by S i l b e r g e r  (1959) ,  Normann (1975) ,  USDA (1954) ,  and o t h e r s .  Ree 
(1951) d e s c r i b e s  t e s t s  i n  one such channel  on a  10 p e r c e n t  s l o p e .  

F i g u r e  8-15 i s  a reproduc t ion  of R e e ' s  f i g u r e  showing t h e  
dimensions and v e l o c i t y  d i s t r i b u t i o n .  Ree concluded t h a t  t h e  u s u a l  
p r a c t i c e  o f  summing c a l c u l a t e d  d i s c h a r g e  r a t e s  f o r  t h e  component parLs 
of t h e  c r o s s  s e c t i o n  t o  g ive  t h e  c a p a c i t y  of a  composite channe l  seems a  
v a l i d  method. Fur thermore,  he Eound t h a t  h i g h  v e l o c i t i e s  i n  t h e  g u t t e r  
s e c t i o n  do n o t  c a r r y  over  a p p r e c i a b l y  t o  t h e  g r a s s e d  p o r t i o n  of t h e  
waterway and t h e r e f o r e  concluded t h a t  observed s c o u r  a t  t h e  j u n c t i o n  
cannot  be a t t r i b u t e d  t o  e x c e s s i v e l y  high v e l o c i t i e s .  However, based on 
t h e  e a r l i e r  d i s c u s s i o n  regard ing  t h e  probably  of hi.gh v e l o c i t y  e d d i e s  
i n t e r m i t t e n t l y  reach ing  t h e  bed and caus ing  e r o s i o n ,  it seems p r u d e n t  t o  

4 prov ide  some s o r t  of apron.  The apron shou ld  be des igned  s o  Lhat thec 
v e l o c i t y  p r o f i l e  w i l l  be cont inuous  a c r o s s  t h e  j o i n t  t h u s  p r e v e n t i n g  t h e  
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fo rmat ion  o f  a  s h e a r  zone and i t s  r e s u l t i n g  t u r b u l e n c e .  F i g u r e  8-16 * 
shows two examples of such  j u n c t i o n s .  The s u r f a c e  of t h e  r i g i d  l i n i n g  
shou ld  l i n e  up w i t h  y '  , t h e  v e l o c i t y  i n t e r c e p t  of t h e  f lowing  w a t e r ,  
a t  d e s i g n  d e p t h .  

The d e s i g n  of t h e  r i p  rap  o r  c o n c r e t e  p a r t  of t h e  c r o s s  s e c t i o n  
should be  accord ing  t o  accepted p rocedures  a s  g i v e n  i n  many manuals and 
t e x t b o o k s .  

BERMUDA GRASS .25 - 

CONTOURS IN FEET /SEC 

0 IIL_ I 
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F i g u r e  8-15. Dimensions and v e l o c i t y  d i s t r i b u t i o n ,  Ree (1951). 



F i g u r e  8-16. D e t a i l  of sugges ted  g r a s s  t o  c o n c r e t e  j u n c t i o n .  



SYMBOLS 

V a r i a b l e  D e f i n i t i o n  

An e m p i r i c a l  parameter  d e s c r i b i n g  v e g e t a l  c o n d i t i o n s  i n  t h e  
f low f i e l d  

An e m p i r i c a l  parameter  d e s c r i b i n g  t h e  p o t e n t i a l  of t h e  v e g e t a l  
cover  t o  d i s s i p a t e  t u r b u l e n t  e d d i e s  i n  t h e  i~mnedia te  v i c i n i t y  
o f  t h e  boundary 

Maximum channel  dep th  

A c c e l e r a t i o n  due t o  g r a v i t y  

V e g e t a t i o n  l e n g t h  

D e f l e c t e d  vege ta t i -on  h e i g h t  

Lowest p o i n t  reached by t i p s  of t h e  v e g e t a t i o n  whi le  waving 
i n  t h e  flow 

Hi-ghest p o i n t  reached by t i p s  of t h e  v e g e t a t i o n  whi le  waving 
i n  t h e  flow 

Manning's c o e f f i c i e n t  

Manning's c o e f f i c i e n t  a s s o c i a t e d  w i t h  b a r e  s o i l  

Manning's c o e f f i c i e n t  a s s o c i a t e d  w i t h  v e g e t a l  d r a g  

Aggregate v a l u e  of r e l a t i v e  v e g e t a t i v e  s t i f f n e s s  

Stem count  p e r  square  meter  

Modulus of e l a s t i c i t y  of v e g e t a t i o n  

Moment of i n e r t i a  of a r e a  of p l a n t  s tems 

Energy s l o p e  

Energy s l o p e  a s s o c i a t e d  w i t h  t ime average  s h e a r  a t  t h e  s o i l  
boundary 

Energy s l o p e  a s s o c i a t e d  w i t h  d r a g  011 t h e  v e g e t a l  e l e ~ n e i i t s  

Mean v e l o c i t y  a t  a d i s t a n c e  y  from t h e  bed 

A r e s i d u a l  velocj . ty  of uniform d i s t r i b u . t i o n  wi.th y  a s s o c i a t e d  
w i t h  f low through t h e  v e g e t a t i o n  

Turbulent  v e l o c i t y  i n  t h e  d i r e c t i o n  of mean f low 

y  Dis tance  above t h e  bed 



V a r i a b l e s  D e f i n i t i o n  

n Normal dep th  

y f  V e l o c i t y p r o f i l e i n t e r c e p t w i t h t h e  y  a x i s  

E Eddy o r  v i r t u a l  k inemat ic  v i s c o s i t y  

p Mass d e n s i t y  of wa te r  

t Shear  a t  d i s t a n c e  y above t h e  bed 

5, T o t a l  boundary s h e a r  

' e E f f e c t i v e  s h e a r  a t  t h e  s o i l  wa te r  i n t e r f a c e  
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CHAPTER 9 

CILANNEL PROTECT I O N  

9 . 1  INTRODUCTION 

A f t e r  s t u d y i n g  t h e  c h a p t e r s  on r i v e r  mechanics and geomorphology , 
it should  be c l e a r  t h a t  both  s h o r t -  and long-term changes may be 
expec ted  on r i v e r  systems a s  a  r e s u l t  of n a t u r a l  and man-made i n f l u -  
e n c e s .  These changes can reduce n a v i g a b i l i t y  o f  t h e  r i v e r  and cause  
bank e r o s i o n  and p r o p e r t y  l o s s e s  t h a t  could  i n v o l v e  l i t i g a t i o n  and l e g a l  
expenses .  Using a  management p l a n  t o  c o n t r o l  r i v e r  sys tems can minirxize 
t h e s e  adverse  e f f e c t s .  Recommended s t r u c t u r e s  and d e s i g n  methods f o r  
r i v e r  c o n t r o l  a r e  p r e s e n t e d .  

Numerous t y p e s  of channel  p r o t e c t i o n  and bank s t a b i l i z a t i o n  d e v i c e s  
have evolved through p a s t  e x p e r i e n c e .  Concre te ,  b r i c k ,  wi l low and 
a s p h a l t  m a t t r e s s e s ,  sacked c o n c r e t e  and sand ,  r i p r a p ,  g rou ted  s l o p e  
p r o t e c t i o n ,  s h e e t  p i l e s ,  t imber  p i l e s ,  s t e e l  j ack  and b r u s h  j e t t i e s ,  
angled and s l o p e d  r o c k - f i l l e d ,  e a r t h - f i l l e d  and t imber  d i k e s ,  automobi le  
b o d i e s ,  and c o n c r e t e  t e t r a h e d r o n s  have a l l  been used i n  t h e  p r a c t i c e  of 
t r a i n i n g  r i v e r s  and s t a b i l i z i n g  r i v e r  banks.  An e x t e n s i v e  t r e a t i s e  on 
t h e  s u b j e c t  of .bank and s h o r e  p r o t e c t i o n  was p repared  by t h e  C a l i f o r n i a  
D i v i s i o n  of Highways (1970).  A l a r g e  number of p u b l i c a t i o n s  on r i v e r  
t r a i n i n g  and s t a b i l i z a t i o n  have been p repared  by t h e  Corps of Engineers ,  
U.S. S o i l  Conservat ion S e r v i c e ,  and U.S. Bureau of Reclamat ion.  Many 
more p u b l i c a t i o n s  on t h e  s u b j e c t  e x i s t  i n  open l i t e r a t u r e .  I t  i s  n o t  
i n t e n d e d  t h a t  a n  e x h a u s t i v e  coverage of t h e  v a r i o u s  t y p e s  of r i v e r  
c o n t r o l  s t r u c t u r e s  and methods o f  d e s i g n  be  made i n  t h i s  s e c t i o n .  
R a t h e r ,  t h e  purpose  i s  t o  recommend methods and d e v i c e s  t h a t  p r o v i d e  
u s e f u l  a l t e r n a t i v e s  t o  t h e  e n g i n e e r  f o r  c i rcumstances  he  i s  l i k e l y  t o  
e n c o u n t e r .  

G e n e r a l l y ,  changes t o  r i v e r  a l ignment ,  r i v e r  c r o s s  s e c t i o n ,  
t r a i n i n g ,  and bank s t a b i l i z a t i o n  a r e  conf ined  t o  s h o r t  r e a c h e s  of t h e  
r i v e r .  While methods f o r  r i v e r  t r a i n i n g  and bank s t a b i l i z a t i o n  
d i s c u s s e d  h e r e i n  a r e  a p p l i c a b l e  t o  s h o r t  and long  reaches  of t h e  r i v e r ,  
t h e y  a r e  n o t  panacea t o  a l l  problems a s s o c i a t e d  w i t h  encroachments on 
r i v e r s .  Handbook-type a n a l y s e s  and d e s i g n s  u s u a l l y  l e a d  t o  poor  s o l u -  
t i o n s  o f  s p e c i f i c  problems. Also ,  s o l u t i o n  t o  a  p a r t i c u l a r  problem may 
g e n e r a t e  problems e lsewhere  i n  t h e  r i v e r  sys tem.  

9 . 2  CHANNEL IMPROVEMENT 

I n  some c i rcumstances  it: could be advantageous t o  change r i v e r  
channel  a l ignment  a s  shown by t h e  example (F igure  9 - l a ) .  T h i s  i s  
assuming t h a t  a l ignment  i s  f i x e d  by c o n s t r a i n t s  i n  t h e  a c q u i s i t i o n  of 
t h e  r ight-of-way.  

To c r e a t e  b e t t e r  f low a l ignment ,  c o n s i d e r a t i o n  i s  g i v e n  t o  channel  
improvement a s  shown i n  F i g u r e  9 - l b .  S i m i l a r l y ,  c o n s i d e r a t i o n  f o r  i m -  
provement t o  t h e  channel  would a l s o  be a d v i s a b l e  f o r  a  h y p o t h e t i c a l  
l a t e r a l  encroachment a s  d e p i c t e d  i n  F i g u r e  9 - l c .  I n  e i t h e r  c a s e ,  t h e  
d e s i g n e r ' s  q u e s t i o n s  a r e  how t o  r e a l i g n . t h e  channel  and what c r i t e r i a  . should b e  used t o  e s t a b l i s h  t h e  c r o s s - s e c t i o n a l  d imensions .  



F i g u r e  9-1.  

Structure 
or 

Canal 

Encroachment on a  meandering r i v e r .  

A r i v e r  channel  may be r e a l i g n e d  s t r a i g h t  w i t h o u t  c u r v e s  o r  may 
i n c l u d e  one o r  more c u r v e s .  If curves  a r e  i n c l u d e d ,  r a d i i  o f  c u r v a t u r e ,  
number of bends ,  l imits of r e c h a n n e l i z a t i o n  (hence l e n g t h  o r  s l o p e  o f  
c h a n n e l ) ,  and c r o s s - s e c t i o n a l  a r e a  a r e  c h a r a c t e r i s t i c s  t h a t  must be 
determined by t h e  d e s i g n e r .  D i f f e r e n t  r i v e r s  have d i f f e r e n t  c h a r a c t e r -  
i s t i c s  and h i s t o r i c a l  backgrounds w i t h  regard  t o  channel m i g r a t i o n ,  
d i s c h a r g e ,  s t a g e ,  geometry,  and sediment t r a n s p o r t  and a s  i n d i c a t e d  i n  
t h e  p r e v i o u s  c h a p t e r s ,  it i s  impor tan t  f o r  t h e  d e s i g n e r  t o  unders tand  
and a p p r e c i a t e  r i . v e r  h y d r a u l i c s  and geomorphology when making d e c i s i o n s  
concerning channel  improvement. I t  i s  d i f f i c u l t  t o  s t a t e  g e n e r a l i z e d  
c r i t e r i a  f o r  channel  improvement a p p l i c a b l e  t o  any r i v e r .  Knowledge o f  
r i v e r  systems h a s  n o t  y e t  p r o g r e s s e d  t o  s u c h , a  s t a t e  a s  t o  make t h i s  
p o s s i b l e .  N e v e r t h e l e s s ,  it i s  impor tan t  t o  p r o v i d e  some p r i n c i p l e s  and 
g u i d e l i n e s  f o r  t h e  d e s i g n  e n g i n e e r .  

As a  g e n e r a l  r u l e ,  t h e  r a d i i  of bends shou ld  b e  made approx imate ly  
e q u a l  t o  t h e  mean r a d i i  o f  bends r i n  extended reaches  o f  t h e  r i v e r .  

C 
Angle a shown i n  F i g u r e  9 -1  between a  l i n e  drawn t a n g e n t  t o  t h e  i n s i d e  
of two s u c c e s s i v e  bends and t h e  bank l i n e  i n  t h e  c r o s s i n g  shou ld  be  ap- 
p rox imate ly  20 d e g r e e s .  Th i s  e n a b l e s  a s u f f i c i e n t  c r o s s i n g  l e n g t h  f o r  
t h e  thalweg t o  swing from one s i d e  of t h e  channel  t o  t h e  o t h e r .  Gener- 
a l l y ,  it i s  n e c e s s a r y  t o  s t a b i l i z e  o u t s i d e  banks of t h e  c u r v e s  i n  o r d e r  
t o  m a i n t a i n  t h e  new a l ignment .  Depending upon c r o s s i n g  l e n g t h ,  some 
amount of maintenance may be r e q u i r e d  t o  remove sandbars  a f t e r  l a r g e  
f l o o d s  s o  t h a t  t h e  channel  does n o t  develop new meander p a t t e r n s  i n  t h e  
c r o s s i n g s  d u r i n g  normal f lows .  

S i n u o s i t y  and channel  bed s l o p e  a r e  r e l a t e d  i n  t h e  f o l l o w i n g  
manner. Bed e l e v a t i o n s  a t  t h e  ends of t h e  r e a c h  be ing  rcchanne l ized  
(des igna ted  1 and 2 ,  i n  F i g u r e  9-1) a r e  e s t a b l i s h e d  by e x i s t i n g  



conditions. Hence, total drop in bed elevation for new (subscript 2) 
and old channels (subscript 1) is the same. 

Length of channel measured along the thalweg is labeled 
mean slope of the channel bed before rechannelization is 

' 

and after rechannelization is 

(9-1) 

Thus, 

(9-2) 

(9-3) 

Sinuosity is defined 'by the ratio of length of channel to length of 
valley or 

. Clearly, 

but 

and 

T h u s ,  



New channel s l o p e  and channel s i n u o s i t y  a r e  i n v e r s e l y  r e l a t e d .  I f  
P2 < PI,, t h e n  S2 > S 1 .  The new channel  a l ignment  (hence P2) can be 

- 

chosen by t h e  d e s i g n e r  wi th  due c o n s i d e r a t i o n  g i v e n  t o  r a d i i  of 
c u r v a t u r e ,  d e f l e c t i o n  a n g l e s ,  and t a n g e n t  l e n g t h s  between r e v e r s i n g  
curves .  As p r e v i o u s l y  i n d i c a t e d ,  c o n s i d e r a t i o n  shou ld  a l s o  be  g iven  
p r e v a i l i n g  average c o n d i t i o n s  i n  t h e  extended reach .  New s l o p e  S2 can 
be c a l c u l a t e d  from Equat ion 9-9 and t h e  r e l a t i o n s h i p  

should be  s a t i s f i e d .  I f  S1 i s  of such magnitude t h a t  Equat ion 9-10 

cannot  be  s a t i s f i e d  w i t h  s t i l l  l a r g e r  S2,  t h e  p o s s i b i l i t y  o f  t h e  r i v e r  

changing t o  a  b r a i d e d  channel  because of s t e e p e r  s l o p e  shou ld  be  c a r e -  
f u l l y  e v a l u a t e d .  With s t e e p e r  s l o p e ,  t h e r e  could  be  an  i n c r e a s e  i n  
sediment t r a n s p o r t  t h a t  could cause  d e g r a d a t i o n  and t h e  e f f e c t  would b e  
extended b o t h  upstream and downstream of t h e  rechanne l ized  r e a c h .  
Meander p a t t e r n s  could change, c o n s i d e r a b l e  bank p r o t e c t i o n  might be 
necessa ry  t o  c o n t a i n  l a t e r a l  m i g r a t i o n  t h a t  i s  c h a r a c t e r i s t i c  of a  
b r a i d e d  channe l ,  and i f  t h e  s l o p e  i s  t o o  s t e e p ,  head c u t s  cou ld  develop 
which migra te  upstream w i t h  a t t e n d a n t  e f f e c t s  on t h e  p l a n e  geometry o f  
t h e  channe l .  Even when changes i n  s l o p e  a r e  n o t  ve ry  l a r g e ,  a  s h o r t -  
term ad jus tment  of average r i v e r  s l o p e  occurs  c o n s i s t e n t  wi th  t h e  
sediment t r a n s p o r t  r a t e ,  f low v e l o c i t i e s ,  and roughnesses  beyond t h e  
upstream and downstream l i m i t s  of channel  improvement. For  s m a l l  
changes i n  s l o p e  t h e  p r o p o r t i o n a l i t y  QS - Qs DS0 t e n d s  toward e q u i -  

l i b r i u m  by s l i g h t  i n c r e a s e s  i n  bed m a t e r i a l  s i z e  DS0 
and adjustmenL i n  

t h e  sediment t r a n s p o r t  r a t e  . s 

A s m a l l  i n c r e a s e  i n  new channel wid th  could  be cons idered  t h a t  
t e n d s  t o  m a i n t a i n  t h e  same s t ream power i n  o l d  and new channe l s .  That  

With s u b s t i t u t i o n  o f  
l e a d s  t o  

I 0  
= yRS, V = Q / A ,  and R = A/P - A/W, Equat ion 9-11 - 

I n c r e a s e  i n  wid th  
Wider channe l s  would 
bank and t h e  e f f o r t  
b a r  fo rmat ion  would 

should be l i m i t e d  t o  about  10 t o  15 p e r c e n t .  
be  i n e f f e c t i v e  and d e p o s i t i o n  would occur  a long  one 
of e x t r a  excava t ion  would be was ted .  Fur the rmore ,  
be encouraged w i t h  r e s u l t a n t  t e n d e n c i e s  f o r  changes 

i n  t h e  meander p a t t e r n  l e a d i n g  t o  g r e a t e r  maintenance c o s t s  of bank 
s t a b i l i z a t i o n  and removal of b a r s  t o  hold  t h e  d e s i r e d  r i v e r  a l ignment .  

Depth o f  flow i n  t h e  channel  i s  dependent on d i s c h a r g e ,  e f f e c t i v e  
channel  wid th ,  sediment t r a n s p o r t  r a t e  (because  it a f f e c t s  bed 
form and channe l  roughness) ,  and channel s l o p e .  



The f o r e g o i n g  d i s c u s s i o n  p e r t a i n s  t o  a l l u v i a l  channe l s  w i t h  
f i n e - s i z e d  bed m a t e r i a l s  (sands  and s i l t s ) .  F o r  s t reams  w i t h  g r a v e l  and 
cobble  beds  t h e  concern i s  t o  p rov ide  adequa te  channe l  c r o s s - s e c t i o n a l  
dimensions t o  convey f l o o d  f lows .  I f  t h e  r e a l i g n e d  channe l s  a r e  made 
t o o  s t e e p ,  t h e r e  i s  an  i n c r e a s e d  s t ream power w i t h  a  consequent  i n c r e a s e  
i n  t r a n s p o r t  r a t e  o f  t h e  bed m a t e r i a l .  D e p o s i t i o n  o f  m a t e r i a l  i n  t h e  
downstream reaches  t e n d s  t o  form g r a v e l  b a r s  and encourages  changes I n  
t h e  p l a n  form of t h e  channe l .  Shor t - term changes i n  channel  s l o p e  can 
be  expec ted  u n t i l  e q u i l i b r i u m  i s  r e e s t a b l i s h e d  over  extended reaches  
b o t h  upst ream and downstream of  t h e  rechanne1,ized r e a c h .  Bank s t a b i l i -  
z a t i o n  t o  p r e v e n t  l a t e r a l  m i g r a t i o n  and p e r i o d i c  removal of g r a v e l  b a r s  
may be  n e c e s s a r y .  

9 . 3  RIVER TRAINING AND STABILIZATION 

Various  d e v i c e s  and s t r u c t u r e s  have been developed t o  c o n t r o l  r i v e r  
f low a l o n g  a  p r e s e l e c t e d  p a t h  and s t a b i l i z e  t h e  banks .  Most have been 
developed through t r i a l  and e r r o r  a p p l i c a t i o n s  a i d e d  i n  some i n s t a n c e s  
by h y d r a u l i c  model s t u d i e s .  Rock r i p r a p  i s  p robab ly  t h e  most wide ly  
used m a t e r i a l  t o  s t a b i l i z e  r i v e r  banks and p r o t e c t  t h e  s i d e  s l o p e s  of 
embankments. Because of i t s  wide use  and importance i n  r i v e r  work a  
s e p a r a t e  s e c t i o n  i s  devoted t o  rock r i p r a p .  Other  u s e f u l  m a t e r i a l s  a r e  
d i s c u s s e d  i n  t h i s  s e c t i o n .  

Dikes ,  r e t a r d s ,  and j e t t i e s  a r e  d e v i c e s  used t o  gu ide  t h e  r i v e r  
\ f low and t o  p r o t e c t  banks (F igure  9 -2 ) .  I n  a l l  i n s t a n c e s  t h e  i n t e n t  o f  

t h e  d e v i c e s  shown i n  F i g u r e  9-2 i s  t o  cause  r e s i s t a n c e  o r  o b s t r u c t i o n  
t o  f low a long  t h e  channel  bank, t h e r e b y  c r e a t i n g  lower v e l o c i t i e s  t o  
s t o p  bank e r o s i o n ,  r e s t r i c t  t h e  thalweg of t h e  s t ream t o  t h e  c e n t e r  
p o r t i o n s  o f  t h e  channe l ,  and i f  p o s s i b l e  cause  d e p o s i t i o n  o f  sediment  
a long  t h e  bank where e r o s i o n  p r e v i o u s l y  o c c u r r e d .  

Dikes 

I n  g e n e r a l ,  d i k e s  ex tend  outward from t h e  bank i n t o  t h e  channel  a t  
r i g h t  a n g l e s  o r  ang led  t h e r e t o  depending upon c i rcumstances  and p a r t i -  
c u l a r  s u c c e s s  achieved i n  p a s t  e x p e r i e n c e s .  Along s t r a i g h t  r e a c h e s ,  
d i k e s  shou ld  b e  p e r p e n d i c u l a r  t o  t h e  bank and a l o n g  s h a r p  c u r v e s  t h e  
d i k e s  shou ld  be  ang led  s l i g h t l y  downstream s o  a s  t o  d e f l e c t  t h e  f low 
toward t h e  c e n t e r  o f  t h e  channe l .  Some of t h e  d i k e s  a r e  t e r m i n a t e d  w i t h  
e x t e n s i o n s  p a r a l l e l  t o  t h e  f low,  forming L o r  T s h a p e s ,  and a r e  
cor responding ly  r e f e r r e d  a s  L o r  T heads .  

There  a r e  two p r i n c i p l e  t y p e s  o f  d i k e s ,  permeable and impermeable. 
Permeable d i k e s  a r e  t h o s e  t h a t  a l l o w  f low th rough  t h e  d i k e  b u t  a t  
reduced v e l o c i t i e s ,  t h e r e b y  p r e v e n t i n g  f u r t h e r  e r o s i o n  o f  t h e  banks and 
caus ing  d e p o s i t i o n  o f  suspended sediment from t h e  f low.  

Timber p i l e  d i k e s .  Timber p i l e  d i k e s  ( a l s o  r e t a r d s )  may c o n s i s t  o f  
c l o s e l y  spaced s i n g l e ,  doub le ,  o r  m u l t i p l e  rows. There  a r e  a  number o f  

4 
v a r i a t i o n s  t o  t h i s  scheme. For  example, w i r e  f e n c e  may be  used i n  con- 
j u n c t i o n  w i t h  p i l e  d i k e s  t o  c o l l e c t  d e b r i s  and t h e r e b y  c a u s e  e f f e c t i v e  
r e d u c t i o n  o f  v e l o c i t y .  Double rows of t i m b e r  p i l e s  can b e  p l a c e d  t o -  
g e t h e r  t o  form t i m b e r  c r i b s ,  and rocks  may be  used t o  f i l l  t h e  s p a c e  
between t h e  p i l e s .  Timber p i l e  d i k e s  a r e  v u l n e r a b l e  t o  f a i l u r e  th rough  



Road way 

r T T 1 1 T T r r r r  r 

( a )  R e t a r d s  t o  p r o t e c t  
i n  embankment 

(b) Re ta rd  t o  p r e v e n t  f u r t h e r  
bank caving 

(c)  J e t t i e s  t o  t r a i n  t h e  flow (d)  Dikes t o  t r a i n  t h e  f low 
and p r o t e c t  t h e  bank and p r o t e c t  t h e  bank 

F i g u r e  9-2 .  R e t a r d s ,  j e t t i e s ,  and d i k e s  t o  p r o t e c t  embankments 
and t r a i n  channel  f low.  

s c o u r .  P i l e s  can be d r i v e n  t o  a l a r g e  dep th  t o  a c h i e v e  s a f e t y  from 
scour  or t h e  b a s e  of t h e  p i l e s  can be p r o t e c t e d  from s c o u r  w i t h  dumped 
rock i n  s u f f i c i e n t  q u a n t i t i e s  t o  form a  combination permeable and i m -  
permeable d i k e .  Various forms of t i m b e r p i l e  d i k e s  a r e  i l l u s t r a t e d  i n  
F igure  9-3.  

Arrangement of t imber  p i l e s  depends upon v e l o c i t y  o f  f low,  q u a n t i t y  
o f  suspended sediment t r a n s p o r t ,  and dep th  and width  of r i v e r .  I f  t h e  
v e l o c i t y  of f low i s  l a r g e ,  t imber  p i l e  d i k e s  a r e  n o t  L ike ly  t o  be v e r y  
e f f e c t i v e  and s t a b i l i z a t i o n  of t h e  bank by o t h e r  methods should b e  con- 
s i d e r e d .  On t h e  o t h e r  hand, i n  moderate f low v e l o c i t i e s  wi th  h i g h  
c o n c e n t r a t i o n s  o f  suspended sed iments ,  t h e s e  d i k e s  can be  quj  t e  e f f e c -  
t i v e .  Depos i t ion  o f  suspended sediments  i n  t h e  p i l e  d i k e  f i e l d  i s  a  
necessa ry  consequence o f  reduced v e l o c i t i e s .  I f  t h e r e  i s  n o t  s u f f i c i e n t  
c o n c e n t r a t i o n  of suspended sediment i n  t h e  f low o r  t h e  v e l o c i t i e s  i n  
t h e  d i k e  f i e l d s  a r e  t o o  l a r g e  f o r  d e p o s i t i o n ,  t h e  permeable t i m b e r  p i l e  
d i k e s  w i l l  b e  o n l y  p a r t i a l l y  e f f e c t i v e  i n  t r a i n i n g  t h e  r i v e r  and pro-  
t e c t i n g  t h e  bends.  
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( b )  Double row t imber  p i l e s  w i t h  rocks  and w i r e  fence  

( c )  P i l e  c l u s t e r s  

F i g u r e  9-3. Timber p i l e  d i k e s  ( r e t a r d s  would be  s i m i l a r ) .  

The l e n g t h  o f  each  d i k e  depends on channe l  w i d t h ,  p o s i t i o n  r e l a t i v e  
t o  o t h e r  d i k e s ,  f low d e p t h ,  and a v a i l a b l e  p i l e  l e n g t h s .  G e n e r a l l y ,  p i l e  
d i k e s  a r e  n o t  used i n  l a r g e  r i v e r s  where d e p t h s  a r e  g r e a t ,  a l t h o u g h  
t imber  p i l e  d i k e s  have been used i n  t h e  Columbia River. On t h e  other 
hand, banks o f  wide sha l low r i v e r s  can be  p r o t e c t e d  w i t h  d i k e s .  The 
spac ing  between d i k e s  v a r i e s  from 3 t o  20 t imes  t h e  l e n g t h  o f  t h e  up- 
s t ream d i k e ,  w i t h  c l o s e r  s p a c i n g  favored f o r  b e s t  r e s u l t s .  

S t o n e - f i l l  d i k e s .  S t o n e - f i l l  d i k e s  a r e  c l a s s e d  a s  impermeable 
d i k e s  and do n o t  depend on d e p o s i t i o n  o f  sediment between d i k e s  n e a r l y  

4 a s  much a s  permeable d i k e s .  The p r i n c i p a l  f u n c t i o n  i s  t o  d e f l e c t  f low 



away from t h e  bank and t h e  d i k e s  must be  l i n g  enough t o  accomplish  t h i s  
purpose .  The d i k e s  may be angled downstream o r  upst ream,  o r  c o n s t r u c t e d  
normal t o  t h e  bank. V a r i a t i o n s  such a s  a  s l o p i n g  d i k e  w i t h  d e c l i n i n g  
top  e l e v a t i o n  away from t h e  bank, L  o r  T  head d i k e s ,  and curve  d i k e s  
have been used .  S t o n e - f i l l  d i k e s  a r e  i l l u s t r a t e d  i n  F i g u r e  9-4.  

P l a n  

Roadway, d4 Shore Slope Protection S e c t i o n  
..-0 ., . ,o . -. 

Flood Level 

E l e v a t i o n  

F i g u r e  9-4.  Typica l  s t o n e  f i l l  d i k e  

Spacing between d i k e s  may v a r y  from 3 o r  4 d i k e  l e n g t h s  t o  10 o r  
12 d i k e  l e n g t h s  depending upon v e l o c i t y  and d e p t h .  S h o r t  d i k e s  w i t h  
long s p a c i n g  a r e  g e n e r a l l y  n o t  u s e f u l  f o r  bank p r o t e c t i o n  u n l e s s  j a c k s  
o r  r i p r a p  a r e  used t o  p r o t e c t  t h e  bank between them. 

Ends of t h e  d i k e s  a r e  s u b j e c t e d  t o  l o c a l  s c o u r  and a p p r o p r i a t e  
a l lowance should be  made f o r  l o s s  of d i k e  m a t e r i a l  i n t o  t h e  s c o u r  h o l e .  
Rock s i z e  t o  b e  used f o r  t h e  d i k e  depends on a v a i l a b i l i t y  of m a t e r i a l .  
Large rocks  a r e  g e n e r a l l y  used t o  cover  t h e  s u r f a c e ,  whi le  t h e  i n t e r n a l  
s e c t i o n  may be  c o n s t i t u t e d  w i t h  s m a l l e r  rocks  o r  e a r t h f i l l .  S i d e  s l o p e s  
of 1 . 5 : l  and 2 : l  a r e  common. 

Retards  

Re ta rds  a r e  permeable d e v i c e s  p l a c e d  p a r a l l e l  t o  embankments and 
r i v e r  banks t o  d e c r e a s e  s t ream v e l o c i t i e s  and p r e v e n t  e r o s i o n .  

Timber p i l e  r e t a r d s .  Design of t imber  p i l e '  r e t a r d s  i s  e s s e n t i a l l y  
t h e  same as  t h e  t imber  p i l e  d i k e s  d i s c u s s e d  i n  the.  p r e v i o u s  s e c t i o n  and 
shown i n  F i g u r e  9-2 .    he r e t a r d s  may be used i n  cbmbinat ion w i t h  bank 
p r o t e c t i o n  works such a s  r i p r a p  t o  reduce t h e  v e l o c i t i e s  s u f f i c i e n t l y  s o  
t h a t  t h e  r i p r a p  behind t h e  r e t a r d  i s  s t a b l e .  



S t e e l  j a c k s .  These d e v i c e s  a r e  b a s i c  t r i a n g u l a r  f rames t i e d  
t o g e t h e r  t o  form a  s t a b l e  u n i t .  The r e s u l t i n g  f ra~nework i s  c a l l e d  a  
t e t r a h e d r o n .  Te t rahedrons  a r e  p laced  p a r a l l e l  t o  t h e  embankment and 
cab led  t o g e t h e r  w i t h  t h e  ends of t h e  c a b l e s  anchored t o  t h e  bank. Wire 
f e n c i n g  may be p l a c e d  a long  t h e  row of t e t r a h e d r o n s .  I n  o r d e r  t o  func- 
t i o n  well, t h e r e  must be  c o n s i d e r a b l e  d e b r i s  i n  t h e  s t ream t o  c o l l e c t  on 
t h e  f e n c e  and suspended sediment c o n c e n t r a t i o n  must be  l a r g e  enough f o r  
d e p o s i t i o n  behind t h e  r e t a r d .  Var ious  forms of  s t e e l  j a c k s  may be 
assembled.  Two t y p e s  a r e  shown i n  F i g u r e  9-5.  J a c k s  must be  t i e d  
t o g e t h e r  w i t h  c a b l e  and must have t i e b a c k s  t o  deadmen s e t  i n  t h e  bank. 
Tiebacks  should be  spaced e v e r y  100 f e e t  and space  between j a c k s  should 
n o t  exceed t h e i r  wid th .  

Connection to_Sui t 

&- 
Main Members 

,, Strut Connection 

F i g u r e  9-5. S tee l .  j a c k s .  

J e t t i e s  

The purpose  o f  a j e t t y  f i e l d  i s  t o  add roughness t o  a  channe l  o r  
overbank a r e a  i n  o r d e r  t o  t r a i n  t h e  main s t ream a l o n g  a  s e l e c t e d  p a t h .  
Added roughness a l o n g  t h e  bank reduces  t h e  v e l o c i t y  and p r o t e c t s  t h e  
bank from e r o s i o n .  J e t t y  f i e l d s  a r e  u s u a l l y  made up o f  s t e e l  j a c k s  t i e d  
t o g e t h e r  wi th  c a b l e s .  Both l a t e r a l  and l o n g i t u d i n a l  rows of j a c k s  a r e  
used t o  make up t h e  j e t t y  f i e l d  a s  shown i n  F i g u r e  9-6.  

F i g u r e  9-6.  Typica l  j e t t y - f i e l d  l a y o u t  



L a t e r a l  rows a r e  u s u a l l y  angled abou t  45 t o  70 d e g r e e s  downstream 
from t h e  bank. The spac ing  v a r i e s  depending upon d e b r i s  and sediment  
c o n t e n t  i n  t h e  s t ream and ranges  from 50 t o  200 f e e t .  J e t t y  f i e l d s  a r e  
e f f e c t i v e  on ly  i f  t h e r e  i s  a  s i g n i f i c a n t  amount of d e b r i s  c a r r i e d  by t h e  
s t ream and suspended sediment c o n c e n t r a t i o n  i s  h igh .  

)I 

When j e t t y  f i e l d s  a r e  used t o  s t a b i l i z e  meandering r i v e r s ,  it may 
be necessa ry  t o  use  j e t t y  f i e l d s  on b o t h  s i d e s  o f  t h e  r i v e r  channel  
because i n  f l o o d  s t a g e  t h e  r i v e r  may develop a  c h u t e  channel  a c r o s s  t h e  
p o i n t  b a r .  A t y p i c a l  l a y o u t  i s  shown i n  F i g u r e  9-6.  

Bank P r o t e c t i o n  

The term bank p r o t e c t i o n  i m p l i e s  t h a t  t h e  b a n k l i n e  h a s  o r  i s  about  
t o  f a i l .  I n  o r d e r  t o  des ign  bank p r o t e c t i o n  p r o p e r l y ,  we must know how 
t h e  bank f a i l s .  There a r e  f o u r  p r i n c i p a l  ways i n  which a  bank f a i l s .  

1. The e r o s i o n  of s o i l  p a r t i c l e s  on t h e  bank e i t h e r  by t h e  r i v e r  
c u r r e n t s  o r  by waves. 

2 .  Sloughing banks caused by e x c e s s i v e  i n t e r n a l  h y d r o s t a t i c  
p r e s s u r e  i n  t h e  b a n k l i n e  m a t e r i a l s .  

3 .  S l i p - c i r c l e  f a i l u r e s  caused by t h e  undermining of t h e  t o e  

4 .  L i q u e f a c t i o n  and subsequent  movement of t h e  s o i l  mass ( c a l l e d  
a  f low s l i d e ) .  

The most common method of bank p r o t e c t i o n  i s  w i t h  rock r i p r a p .  
S i d e s  o f  t h e  bank o r  embankment a r e  l i n e d  w i t h  l a r g e  rocks  t o  p r e v e n t  
e r o s i o n  a long  t h e  bank and a t  t h e  t o e .  The n e x t  s e c t i o n  i n  t h i s  c h a p t e r  
i s  devoted t o  r i p r a p  and f u r t h e r  d i s c u s s i o n  i s  d e f e r r e d ,  Other  methods 
and dev ices  a r e  d i s c u s s e d  i n  t h i s  s e c t i o n .  

R o c k - f i l l  t r e n c h e s .  R o c k - f i l l  t r e n c h e s  a r e  s t r u c t u r e s  used  t o  
p r o t e c t  banks from caving caused by e r o s i o n  a t  t h e  t o e .  A t r e n c h  i s  
excavated a long  t h e  t o e  of t h e  bank and f i l l e d  w i t h  rocks  a s  shown i n  
F i g u r e  9-7 .  

F i g u r e  9-7 .  R o c k - f i l l  t r e n c h .  



A s  t h e  s t ream bed a d j a c e n t  t o  t h e  t o e  i s  e roded ,  t h e  t o e  t r e n c h  i s  
undermined and rock  f i l l  s l i d e s  downward t o  pave t h e  bank. The s i z e  of 
t r e n c h  t o  ho ld  t h e  rock f i l l  depends on expected d e p t h s  of s c o u r .  I t  i s  
advantageous t o  g rade  t h e  banks b e f o r e  pav ing  t h e  s l o p e  w i t h  r i p r a p  and 
p l a c i n g  rock  i n  t h e  t o e  t r e n c h .  The s l o p e  shou ld  be  a t  such  an a n g l e  
t h a t  t h e  s a t u r a t e d  bank i s  s t a b l e  w h i l e  t h e  r i v e r  s t a g e  i s  f a l l i n g .  

The r o c k - f i l l .  t r e n c h  need n o t  be a t  t h e  t o e  of t h e  bank. An 
a l t e r n a t i v e  method i s  t o  excava te  a  t r e n c h  above t h e  w a t e r  l i n e  a l o n g  
t h e  t o p  o f  t h e  r i v e r  bank and f i l l  w i t h  r o c k s .  Then a s  t h e  bank e r o d e s  
toward t h e  t r e n c h ,  t h e  rocks  i n  t h e  t r e n c h  s l i d e  down and pave t h e  bank. 
T h i s  method i s  a p p l i c a b l e  i n  a r e a s  of r a p i d l y  e r o d i n g  banks o f  medium t o  
l a r g e  s i z e  r i v e r s .  

A v a r i a t i o n  o f  t h i s  method of t o e  p r o t e c t i o n  i s  t o  p i l e  rocks  i n  a  
"window" a long  t h e  bank l i n e  i n s t e a d  of e x c a v a t i n g  a  t r e n c h .  Then a s  
t h e  bank i s  scoured ,  rocks  i n  t h e  window drop down t o  pave t h e  bank. 

Rock-and-wire r i p r a p .  When adequate  r i p r a p  s i z e  i s  n o t  a v a i l a b l e ,  
rocks  of cobble  s i z e s  may be p laced  i n  w i r e  mesh mats made of ga lvan ized  
f e n c i n g  and p l a c e d  a long  t h e  bank forming a  m a t t r e s s .  I n d i v i d u a l  w i r e  
u n i t s  a r e  c a l l e d  b a s k e t s  i f  t h e  t h i c k n e s s  i s  g r e a t e r  t h a n  12 i n c h e s .  
M a t t r e s s  i m p l i e s  a  t h i c k n e s s  no g r e a t e r  t h a n  12 i n c h e s .  Toe p r o t e c t i o n  
i s  o f f e r e d  by ex tend ing  t h e  m a t t r e s s e s  i n t o  t h e  channel  bed a s  shown i n  
F i g u r e  9-8. A s  t h e  bed a long  t h e  t o e  i s  s c o u r e d ,  t h e  m a t t r e s s  d rops  . i n t o  t h e  s c o u r  h o l e .  S p e c i a l  w i r e  b a s k e t s  of manageable s i z e s  a r e  
manufactured and s o l d  throughout  t h e  Uni ted S t a t e s .  I t  shou ld  be  no ted  
t h a t  when rock-and-wire m a t t r e s s e s  a r e  used i n  s t r e a m s  t r a n s p o r t i n g  
cobble  and r o c k s ,  t h e  w i r e s  of t h e  b a s k e t  can be  c u t  r a p i d l y  which w i l l  
d e s t r o y  t h e  i n t e n d e d  p r o t e c t i o n  a long  t h e  b a s e  o f  t h e  bank. R u s t i n g  o f  
t h e  w i r e  mesh may a l s o  be a problem. 

MATTRESS LAYOUT 

Notas : 

SECTION 

F i g u r e  9-8. Rock and w i r e  m a t t r e s s .  

Dapth 



2lats can be  made up i n  l a r g e  s i z e s  i n  t h e  f i e l d .  Mats a r e  f l e x i b l e  
and can conform t o  scour  h o l e s  t h a t  t h r e a t e n  bank s t a b i l i t y .  Mats 
should  be l i n k e d  t o g e t h e r  t o  p r e v e n t  s e p a r a t i o n  a s  subs idence  t a k e s  
p l a c e .  

A r t i c u l a t e d  c o n c r e t e  m a t t r e s s .  Small  p r e c a s t  c o n c r e t e  b locks  h e l d  
t o g e t h e r  by s t e e l  rods  o r  c a b l e s  can be used t o  form a  f l e x i b l e  mat a s  
shown i n  F igure  9-9. 

S i z e s  of b locks  may vary  t o  s u i t  t h e  bank cont.our. I t  i s  
p a r t i c u l a r l y  d i f f i c u l t  t o  make a  cont inuous  m a t t r e s s  of uniform s i z e d  
b locks  t o  f i t  s h a r p  curves .  Open spac ing  between b locks  p e r m i t s  removal 
of bank m a t e r i a l  u n l e s s  a  f i l t e r  b l a n k e t  of g r a v e l  o r  p l a s t i c  f i l t e r  
c l o t h  i s  p laced  underneath .  For  embankments t h a t  a r e  s u b j e c t e d  on ly  t o  
o c c a s i o n a l  f l o o d  flows t h e  spaces  between b locks  may be f i l l e d  w i t h  
e a r t h  and v e g e t a t i o n  can be e s t a b l i s h e d .  

Use of a r t i c u l a t e d  c o n c r e t e  m a t t r e s s e s  has  been l i m i t e d  p r i m a r i l y  
t o  t h e  M i s s i s s i p p i  R iver .  Th i s  i s  due t o  t h e  h igh  c o s t  o f  t h e  p l a n t  
r e q u i r e d  f o r  placement o f  t h e  m a t t r e s s  benea th  t h e  wa te r  su r face .  Thus,  
i t  i s  economical ly  f e a s i b l e  t o  use  a r t i c u l a t e d  c o n c r e t e  m a t t r e s s e s  o n l y  
on r i v e r s  t h a t  r e q u i r e  e x t e n s i v e  bank p r o t e c t i o n .  The expense of t h e  
i n s t a l l a t i o n  p l a n t  i s  no t  a  f a c t o r  i n  t h e  placement o f  a r t i c u l a t e d  
c o n c r e t e  m a t t r e s s e s  abcve t h e  wa te r  s u r f a c e .  Thus, pav ing  t h e  upper 
bank w i t h  a r t i c u l a t e d  c o n c r e t e  m a t t r e s s e s  has  been used o c c a s i o n a l l y  i n  
t h e  United S t a t e s  and Europe. 

PART SECTION 

PART PLAN 

I 

Longiludinol a b l e  or Rod 

ELEVATION 

F i g u r e  9-9 .  A r t i c u l a t e d  c o n c r e t e  m a t t r e s s .  



Other  t y p e s  of m a t t r e s s e s .  Woven wil low,  b r u s h ,  woven lumber,  
a s ~ h a l t .  and s o i l  cement m a t t r e s s e s  a r e  o t h e r  t y p e s  t h a t  can be  
u t i l i z e d .  Concrete  paving s l a b s  a r e  o c c a s i o n a l l y  used .  I f  t h e  pav ing  
i s  extended w e l l  below t h e  s t ream bed o r  i f  t h e  e n t i r e  c r o s s  s e c t i o n  i s  
l i n e d  w i t h  c o n c r e t e  pav ing ,  ( e s p e c i a l l y  f o r  s m a l l  channe l s )  t h i s  form of 
bank pav ing  i s  s a t i s f a c t o r y .  

Timber o r  c o n c r e t e  c r i b s .  Timber and c o n c r e t e  c r i b s  a r e  sometimes 
used f o r  bulkheads and r e t a i n i n g  w a l l s  t o  hold  embankments, p a r t i c u l a r l y  
where l a t e r a l  encroachment i n t o  t h e  r i v e r  must b e  l i m i t e d .  C r i b s  a r e  
formed by i n t e r l o c k i n g  p i e c e s  i n  t h e  manner shown i n  F i g u r e  9-10.  The 
c r i b  may be  s l a n t e d  o r  v e r t i c a l  depending on h e i g h t  and i s  f i l l e d  w i t h  
rock o r  e a r t h .  Re inforced  c o n c r e t e  r e t a i n i n g  w a l l s  a r e  a l t e r n a t i v e s  t o  
t imber  c r i b s .  However, c o n c r e t e  r e t a i n i n g  w a l l s  a r e  expens ive  and a r e  
g e n e r a l l y  o n l y  used i n  s p e c i a l  conf ined l o c a t i o n s  where space  p r e c l u d e s  
o t h e r  methods of bank p r o t e c t i o n .  I n  c o n s t r u c t i n g  c o n c r e t e  r e t a i n i n g  
w a l l s  d r a i n a g e  h o l e s  (weep h o l e s )  must b e  p rov ided .  The f o u n d a t i o n  of 
t h e s e  w a l l s  should  be p laced  below expected s c o u r  d e p t h s .  

, Reinbrced Concrete 

F i g u r e  9-10. Concrete  o r  t imber  c r i b s .  

9 . 4  RIPRAP SIZE AND STABILITY ANALYSIS 

When a v a i l a b l e  i n  s u f f i c i e n t  s i z e ,  rock r i p r a p  i s  u s u a l l y  t h e  most 
economical  m a t e r i a l  f o r  bank p r o t e c t i o n .  Rock r i p r a p  has  many o t h e r  
advantages  over  o t h e r  t y p e s  of p r o t e c t i o n .  Rock r i p r a p  p r o t e c t i o n  i s  

4 f l e x i b l e  and l o c a l  damage i s  e a s i l y  r e p a i r e d .  C o n s t r u c t i o n  must be  
accomplished i n  a  p r e s c r i b e d  manner b u t  i s  n o t  compl ica ted .  Although 



r i p r a p  must be p laced  t o  t h e  p roper  l e v e l  i n  t h e  bed,  t h e r e  a r e  no 
founda t ion  problems. Appearance of rock r i p r a p  i s  n a t u r a l  and a f t e r  a  
p e r i o d  of t ime v e g e t a t i o n  w i l l  grow between t h e  r o c k s .  Wave runup on 
rock s l o p e s  i s  u s u a l l y  l e s s  t h a n  on o t h e r  t y p e s .  F i n a l l y ,  when t h e  
u s e f u l n e s s  of t h e  p r o t e c t i o n  i s  f i n i s h e d ,  t h e  rock i s  s a l v a b l e .  

The impor tan t  f a c t o r s  t o  be cons idered  i n  d e s i g n i n g  rock r i p r a p  
p r o t e c t i o n  a r e  

1. D u r a b i l i t y  of t h e  rock.  

2 .  Dens i ty  of t h e  rock .  

3 .  V e l o c i t y  (bo th  magnitude and d i r e c t i o n )  of t h e  f low i n  t h e  
v i c i n i t y  of t h e  rock.  

4 .  Slope of t h e  bed o r  b a n k l i n e  b e i n g  p r o t e c t e d  

5 .  Angle of repose  f o r  t h e  r o c k .  

6 .  S i z e  of t h e  rock 

7 .  Shape and a n g u l a r i t y  of t h e  rock .  

The t h e o r e t i c a l  development of t h e  r e l a t i o n s  between t h e s e  impor tan t  
f a c t o r s  i s  p r e s e n t e d  i n  Appendix 9 A .  A summary o f  t h e  e q u a t i o n s  f o r  
r i p r a p  d e s i g n  i s  given below. 

Oblique Flow on a  S ide  Slope 

Consider f low along t h e  nose of an  embankment a s  shown i n  t h e  
diagrams of  F i g u r e  9-11. 

A t  i n c i p i e n t  mot ion,  t h e r e  i s  a  ba lance  of moments such  t h a t  

where e  i s  t h e  moment arm of each  f o r c e  

F a c t o r  of  s a f e t y  S .F .  of p a r t i c l e s  a g a i n s t  r o t a t i o n  i s  t h e n  
determined by t h e  r a t i o  of t h e  moments. 

e2Ws C O S ~  

S .F .  = 
elWs s i n 0  cosp + e  F c o s s  + e4FQ 

3 d  

By fo l lowing  t h e  development g iven  i n  Appendix 9 A ,  t h e  fo l lowing  
e q u a t i o n s  r e l a t i n g  t h e  s a f e t y  f a c t o r  f o r  rock r i p r a p  on s i d e  s l o p e  where 
t h e  flow h a s  a non-hor izon ta l  v e l o c i t y  v e c t o r  a r e  o b t a i n e d .  

S.F. = cosO tan@ 
q 1 t a n @  + s i n 0  cos$ 



( a )  General  view 

9 

W, sin 8 
Streomlme 

R,  Direction of 
particle rnovemenl 

W, cose 

(b )  View normal t o  t h e  s i d e  s l o p e  (c)  S e c t i o n  A-A 

F i g u r e  9-11.  Diagrams f o r  t h e  r i p r a p  s t a b i l i t y  a n a l y s i s .  

where 

-1 2 s i n 8  + p = t a n  
11 t a n 4  

h 

The a n g l e  A shown i n  F i g u r e  9-11 i s  t h e  a n g l e  between t h e  
hor izon ta l .  and v e l o c i t y  v e c t o r  (d rag  f o r c e )  measured i n  t h e  p l a n e  o f  
t h e  s i d e  s l o p e .  



The a n g l e s  0 and $ a r e  de f ined  i n  F i g u r e  9-11,  i s  t h e  a n g l e  
of repose  f o r  dumped r i p r a p ,  

l o  
i s  t h e  bed s h e a r  s t r e s s !  D i s  t h e  

r e p r e s e n t a t i v e  rock s i z e ,  S  i s  t h e  s p e c i f i c  weight of t h e  r o c k ,  and s  
q and q a r e  s t a b i l i t y  numbers. 

I n  f u l l - s c a l e  exper iments  w i t h  rock r i p r a p  below c u l v e r t  o u t l e t s ,  
Stevens  (1969) developed t h e  e x p r e s s i o n  

where Do + D 
D .  ( i = l )  = 10 
1 2 

f o r  t h e  r e p r e s e n t a t i v e  g r a i n  s i z e  of r i p r a p .  The terms D o ,  D l O ,  - . . ,  
DIOO a r e  t h e  s i e v e  d iamete r s  of rock f o r  which z e r o  p e r c e n t ,  10 p e r c e n t ,  

. . . , 100 p e r c e n t  of t h e  m a t e r i a l  i s  f i n e r  by weight .  The v a l u e  of D 
i s  g r e a t e r  t h a n  DS0 excep t '  f o r  uniform m a t e r i a l s .  I f  a l l  rock a r e  one 

s i z e ,  D = DS0. R e p r e s e n t a t i v e  g r a i n  s i z e  f o r  r i p r a p  i s  d i s c u s s e d  

f u r t h e r  i n  t h e  appendix.  

H o r i z o n t a l  Flow on a  S ide  Slope 

I n  many c i rcumstances  t h e  flow a n g u l a r i t y  w i t h  t h e  h o r i z o n t a l  i s  
smal l  ( i . e . ,  A 0 )  and Equat ion 9-18 reduces  t o  

and Equat ion 9-15 so lved  f o r  becomes 

s2 - ( S . F . )  2 

r l = ( m  ) cose  
( s . F . ) s ~  

where Sm 
i s  t h e  s a f e t y  f a c t o r  of rock p a r t i c l e s  r o l l i n g  down t h e  s l o p e  

wi th  no f low.  Accordingly 



A l t e r n a t i v e l y ,  t h e  s a f e t y  f a c t o r  may be  expressed  a s  

S  2  
S .F .  = ((s2Il2 s e c  0 + 4 )  

2 m 
- smq s e c o )  

Flow on a  S l o p i n g  Bed 

When c o n s i d e r i n g  f low a long  a  p l a n e  bed s l o p i n g  a t  an  a n g l e  a 
w i t h  r e s p e c t  t o  t h e  h o r i z o n t a l  (F igure  9 -12) ,  t h e  e q u a t i o n s  d e s c r i b i n g  
t h e  s t a b i l i t y  of t h e  r i p r a p  on t h e  bed reduce t o  

cosa  t a n $  S . F .  = 
q  t a n $  + sinor 

I tanff 
o r  q  = cosu [- - -1 S . F .  t an$  

Water Surface 

Slope, S; tana 

F i g u r e  9-12.  D e f i n i t i o n  s k e t c h  f o r  r i p r a p  on a  channe l  bed.  

Flow on a  H o r i z o n t a l  Bed - 
The most s imple  c a s e  i s  flow on a  p l a n e  h o r i z o n t a l  bed.  I n  t h a t  

c a s e  

1 S .F .  = - 
rl 

(9-26) 

I f  t h e  p a r t i c l e s  on a  p l a n e  h o r i z o n t a l  bed a r e  i n  i n c i p i e n t  mot ion,  S . F .  
= 1 s o  q  = I and from Equat ion 9-17 



which i s  t h e  S h i e l d s '  c r i t e r i a  f o r  i n c i p i e n t  motion i n  f u l l y  deve1,oped 
rough t u r b u l e n t  f low.  Use of fo rego ing  a n a l y s i s  f o r  de te rmin ing  r i p -  
rap s i z e  i s  i l l u s t r a t e d  by numerical  examples i n  t h e  appendix a t  t h e  
end of t h i s  c h a p t e r .  

U n i v e r s i t y  of Minnesota Method f o r  Riprap S i z e  Determinat ion 

A method t o  determine s i z e  of r i p r a p  t o  l i n e  t h e  e n t i r e  channel  o f  
smal l  t o  i n t e r m e d i a t e  s i z e s  (6 t o  1000 c f s )  has been proposed by 
Anderson e t  a l .  (1970) .  The method a p p l i e s  t o  channels  t h a t  a r e  t r a p e -  
z o i d a l  o r  t r i a n g u l a r  i n  shape and a r e  e s s e n t i a l l y  s t r a i g h t  i n  a l ignment .  
The proposed e q u a t i o n  r e l a t i n g  s i z e  of r i p r a p  t o  d i s c h a r g e  and channel  
geometry i s  

i n  which P i s  t h e  wet ted p e r i m e t e r  and R i s  h y d r a u l i c  r a d i u s .  
Equat ion 9-28 i s  based on lnaxi~liu~n s h e a r  s t r e s s  r e l a t e d  t o  rock d iamete r  
and Manning's e q u a t i o n  of f low.  I t  can be seen t h a t  f o r  f i x e d  channel  
s i z e  P /R  t h e  r i p r a p  s i z e  i s  a  f u n c t i o n  of Q and S s o  t h a t  a  

0 
fami ly  of d e s i g n  curves  can be made f o r  f i x e d  P/R v a l u e s .  

R i ~ r a o  Gradat ion and Placement 

Riprap g r a d a t i o n  should fo l low a smooth s i z e  d i s t r i b u t i o n  curve  
such a s  t h a t  shown i n  F igure  9-13.  The r a t i o  o f  maximum s i z e  t o  median 
s i z e  Ds0 should  be approximately  2 . 0  arid t h e  r a t i o  between median s i z e  

and t h e  20 p e r c e n t  s i z e  should a l s o  be about  2 . 0 .  Th i s  means t h a t  t h e  
l a r g e s t  s t o n e s  would be 6 . 5  t imes  t h e  weight o f  the median s i z e  and 
smal l  s i z e s  would range down t o  g r a v e l s .  R e p r e s e n t a t i v e  rock s i z e  D 
f o r  t h e  g r a d a t i o n  shown i n  F igure  9-13 i s  1 .25  D50 ( c a l c u l a t e d  u s i n g  

Equa t ion  9-19) which i s  approximately  e q u a l  t o  t h e  D6.. 

Sieve size 

F i g u r e  9-13. Suggested g r a d a t i o n  f o r  r i p r a p .  



With a  d i s t r i b u t e d  s i z e  range t h e  i n t e r s t i c e s  formed by : l a rger  
s t o n e s  a r e  f i l l e d  w i t h  s m a l l e r  s i z e s  I n  an i n t e r l o c k i n g  f a s h i o n ,  
p r e v e n t i n g  fo rmat ion  of open p o c k e t s .  R iprap  c o n s i s t i n g  of a n g u l a r  
s t o n e s  i s  more s u i t a b l e  t h a n  t h a t  c o n s i s t i n g  of rounded s t o n e s .  Cont ro l  
of t h e  g r a d a t i o n  of t h e  r i p r a p  i s  a lmos t  always made by v i s u a l  
i n s p e c t i o n .  

If it i s  n e c e s s a r y ,  poor  g r a d a t i o n s  o f  rock can  be  employed a s  
r i p r a p  provided t h e  p r o p e r  f i l t e r  i s  p l a c e d  between t h e  r i p r a p  and t h e  
bank of bed m a t e r i a l .  R e p r e s e n t a t i v e  g r a i n  s i z e  of r i p r a p  i s  determined 
by Equat ion 9-19 and t h e  f i l t e r  i s  des igned  i n  accordance w i t h  t h e  
c r i t e r i a  g iven  i n  t h e  n e x t  s e c t i o n .  

R iprap  should b e  h a r d ,  dense ,  and d u r a b l e  t o  w i t h s t a n d  long 
exposure  t o  w e a t h e r i n g .  V i s u a l  i n s p e c t i o n  i s  most o f t e n  adequa te  t o  
judge q u a l i t y  b u t  l a b o r a t o r y  t e s t s  may be  made t o  a i d  judgment oE t h e  
f i e l d  i n s p e c t o r .  

R iprap  placement i s  u s u a l l y  accomplished by dumping d i r e c t l y  from 
t r u c k s .  I f  r i p r a p  i s  p l a c e d  d u r i n g  c o n s t r u c t i o n  of t h e  embankment, 
rocks  can be  dumped d i r e c t l y  from t r u c k s  a t  t h e  t o p  of t h e  embankment. 
Rock should never  b e  p l a c e d  by dropping down t h e  s l o p e  i n  a  c h u t e  o r  
pushed downhi l l  wi th  a  b u l l d o z e r .  These methods r e s u l t  i n  s e g r e g a t i o n  
of s i z e s .  With dumped r i p r a p  t h e r e  i s  a  minimum of expens ive  hand work. 
Poor ly  graded r i p r a p  w i t h  s l a b - l i k e  rocks  r e q u i r e s  more work t o  form a  
compact p r o t e c t i v e  b l a n k e t  wi thou t  l a r g e  h o l e s  o r  p o c k e t s .  D r a g l i n e s  
w i t h  orange p e e l  bucke t s ,  backhoes and o t h e r  power equipment can a l s o  be 

b used advan tageous ly  t o  p l a c e  t h e  r i p r a p .  

Hand p l a c e d  rock  r i p r a p  i s  a n o t h e r  n~ethod of r i p r a p  p l a c e n ~ e n t .  
S tones  a r e  l a i d  o u t  i n  more o r  l e s s  d e f i n i t e  p a t t e r n s ,  u s u a l l y  r e s u l t i n g  
i n  a  r e l a t i v e l y  smooth top  s u r f a c e .  T h i s  form of  p lacement  i s  used 
r a r e l y  i n  modern p r a c t i c e  because it i s  u s u a l l y  more expens ive  t h a n  t h e  
placement w i t h  power machinery. 

Thickness  of r i p r a p  should be  s u f f i c i e n t  t o  accommodate t h e  
l a r g e s t  s t o n e s  i n  t h e  r i p r a p .  With a  wel l -graded r i p r a p  w i t h  no v o i d s ,  
t h i s  t h i c k n e s s  should be adequa te .  If s t r o n g  wave a c t i o n  i s  o f  concern,  
t h e  t h i c k n e s s  should be i n c r e a s e d  by 50 p e r c e n t .  

F i l t e r s  f o r  R i p r a p  

F i l t e r s  underneath  t h e  r i p r a p  a r e  recommended t o  p r o t e c t  t h e  f i n e  
embankment o r  r i v e r b a n k  m a t e r i a l  from washing o u t  through t h e  r i p r a p .  
Two t y p e s  of f i l t e r s  a r e  commonly used ,  g r a v e l  f i l t e r s  and p l a s t i c  
f i l t e r  c l o t h s .  

Gravel  f i l t e r s .  A l a y e r  o r  b l a n k e t  o f  wel l -graded g r a v e l  shou ld  be  
p laced  o v e r  t h e  embankment o r  r ive rbank  p r i o r  t o  r i p r a p  placement .  
S i z e s  of g r a v e l  i n  t h e  f i l t e r  b l a n k e t  should  be from 3/16 i n .  t o  a n  
upper l i m i t  depending on t h e  g r a d a t i o n  o f  t h e  r i p r a p  w i t h  ~naximum s i z e s  
of about  3 t o  3-1/2 i n .  Thickness  of t h e  f i l t e r  may v a r y  depending upon 

% r i p r a p  t h i c k n e s s  b u t  should  n o t  be l e s s  t h a n  6 t o  9  i n c h e s .  F i l t e r s  
t h a t  a r e  one-half  t h e  t h i c k n e s s  of t h e  r i p r a p  a r e  q u i t e  s a t i s f a c t o r y .  
Suggested s p e c i f i c a t i o n s  f o r  g r a d a t i o n  a r e  a s  f o l l o w s  



D15 ( F i l t e r )  

D85 
< 5 

P l a s t i c  f i l t e r  c l o t h s .  P l a s t i c  f i l t e r  c l o t h s  a r e  b e i n g  used 
benea th  r i p r a p  and o t h e r  revetment m a t e r i a l s  such a s  a r t i c u l a t e d  con- 
c r e t e  b locks  w i t h  c o n s i d e r a b l e  s u c c e s s .  The c l o t h s  a r e  g e n e r a l l y  i n  100 
f t  r o l l s ,  12 t o  18 f t  wide.  Over lap of 8  t o  12 i n c h e s  i s  prov ided  w i t h  
p i n s  a t  2 t o  3  f t  i n t e r v a l s  a long  t h e  seam t o  p r e v e n t  s e p a r a t i o n  i n  c a s e  
of s e t t l e m e n t  o f  t h e  b a s e  m a t e r i a l .  Some amount of c a r e  must be  exer -  
c i s e d  i n  p l a c i n g  r i p r a y  over  t h e  p l a s t i c  c l o t h  f i l t e r s  t o  p r e v e n t  
damage. Experiments and r e s u l t s  w i t h  v a r i o u s  c l o t h  f i l t e r s  were r e -  
p o r t e d  by Calhoun, Compton, and Strohm (1971) i n  which s p e c i f i c  manu- 
f a c t u r e r s  and brand names a r e  l i s t e d .  S tones  weighing a s  much a s  3000 
l b s  have been p laced  on p l a s t i c  f i l t e r  c l o t h s  w i t h  no a p p a r e n t  damage. 

F i l t e r s  can be  p laced  subaqueously by u s i n g  s t e e l  rods  a s  weights  
f a s t e n e d  a long  t h e  edges .  A d d i t i o n a l  i n t e r m e d i a t e  we igh t s  would a s s i s t  
i n  s i n k i n g  t h e  c l o t h  i n  p l a c e .  Durab i - l i ty  o f  f i l t e r  c l o t h s  has  n o t  y e t  
been e s t a b l i s h e d  because  t h e y  have been i n  use  o n l y  s i n c e  around 1967. 
However, i n s p e c t i o n s  a t  v a r i o u s  i n s t a l l a t i o n s  i n d i c a t e  l i t t l e  o r  no 
d e t e r i o r a t i o n  had occur red  i n  t h e  few (1 t o  4 )  y e a r s  t h a t  have e l a p s e d  
s i n c e  t e s t  i n s t a l l a t i o n s .  

Guide t o  Channel Improvement, River  T r a i n i n g  and Bank S t a b i l i z a t i o n  

The t y p e  o f  channel  improvement and d e v i c e s  used f o r  t r a i n i n g  and 
bank s t a b i l i z a t i o n  depend upon r i v e r  s i z e  w i t h  r e g a r d  t o  w i d t h ,  d e p t h ,  
and d i s c h a r g e ;  t y p e  o f  r i v e r s ,  t h a t  i s ,  meandering,  b r a i d e d ,  o r  
s t r a i g h t ;  sediment t r a n s p o r t  i n  terms o f  c o n c e n t r a t i o n  and s i z e  d i s t r i -  
b u t i o n ;  l e n g t h  of r i v e r  t o  be p r o t e c t e d ;  a v a i l a b i l i t y  o f  m a t e r i a l s ;  
environmental  c o n s i d e r a t i o n s ;  a e s t h e t i c s ;  l e g a l  a s p e c t s ;  r i v e r  use  w i t h  
regard  t o  n a v i g a t i o n ,  r e c r e a t i o n ,  a g r i c u l t u r e ,  and municipal  and 
i n d u s t r i a l  purposes ;  and perhaps  o t h e r  f a c t o r s .  

Tab le  9-1 i s  o f f e r e d  a s  a  gu ide  t o  a s s i s t  t h e  e n g i n e e r  w i t h  r e g a r d  
t o  d e c i s i o n s  f o r  channel  improvement and s e l e c t i o n  of t y p e  of bank 
p r o t e c t i o n  and r i v e r  t r a i n i n g  works. R i v e r s  a r e  f i r s t  c a t e g o r i z e d  a s  t o  
s i z e  and t y p e .  The d e s c r i p t o r s  l a r g e ,  medium, and s m a l l  a r e  r e l a t i v e  
terms b u t  should  g i v e  no i n t e r p r e t i v e  problems. S t r a i g h t  r i v e r s  a r e  
t h o s e  w i t h  s i n u o s i t y  l e s s  t h a n  1 . 5  b u t  long  reaches  between meander 
bends t h a t  a r e  e s s e n t i a l l y  s t r a i g h t  may be  i n c l u d e d  i n  t h e  s t r a i g h t  
r i v e r  c l a s s i f i c a t i o n .  Because t h e s e  long  reaches  a r e  p a r t  o f  meander 
sys tems,  s t a b i l i z a t i o n  and improvements may be r e q u i r e d .  T h i s  i s  t h e  
i n t e r p r e t a t i o n  t o  be used i n  t h e  t a b l e .  The X i n  t h e  box i n d i c a t e s  
t h a t  c o n s i d e r a t i o n  shou ld  be g iven  t o  use  of t h a t  p a r t i c u l a r  d e v i c e .  



Table 9-1 .  Guide f o r  s e l e c t i o n  of methods and devices  f o r  r i v e r  channel improvement and bank. 

Dikes Relards  J e t t i c s  Bank P r o t e c t i o n  

? laLtresscs  
Size of Type of Channel Timber S t o n e - f i l l  E a r t h  Timber S t e e l  Timher S t e e l  Triprap Rock &ck rind C o n c r ~ t c  OLhrr Cr ibs  
River River Improvement J acks  J a c k s  f rencit Wi rc 

-- -. - -.- 

Neandering X X X X X X X 

Large Braided X X X ?: X X X X X 

S t r a i g h t  X X , : X X X X 

-- 
Neanderlng X X X X X X X X X X X X X x 

Medium Braided X X X X X X X X X X X X X X 

S t r a i g h t  X X X X X X t X X 

Meandering X 

Small Braided X 

S t r a i g h t  X 

'' F l o o d p l a m  enrhankment p rokec t ion  

t Where l a r g e  rocks  f o r  r i p r a p  a r e  n o t  a v a i l a b l e  



Absence o f  a  mark i n  t h e  box i n d i c a t e s  t h a t  t h e  d e v i c e s  a r e  n o t  o f t e n  
used b u t  could be  cons idered  i n  s p e c i a l  c i rcumstances .  A d d i t i o n a l  
remarks a r e  noted on t h e  t a b l e .  

9 .5  SCOUR AND DEGRADATION 

Changes i n  bed l e v e l  which a f f e c t  c o n s t r u c t i o n  and s t r u c t u r e s  may 
be d e s c r i b e d  by t h r e e  t y p e s  of i n t e r r e l a t e d  phenomena. 

1 .  Local s c o u r ,  caused by l o c a l  d i s t u r b a n c e s  i n  t h e  f low such a s  
v o r t i c e s  and e d d i e s .  Examples a r e  scour  a t  t h e  b a s e  of p i e r s ,  
d i k e s  and o t h e r  o b s t r u c t i o n s  i n  a  s t ream.  

2 .  General  s c o u r  due t o  c o n t r a c t i o n s  caus ing  i n c r e a s i n g  
v e l o c i t i e s  a c r o s s  t h e  e n t i r e  c o n t r a c t e d  wid th .  Examples a r e  
scour  a t  c o n t r a c t e d  s t ream channels  caused by s p u r  d i k e s ,  
embankments, and accumulat ion of d e b r i s  a t  b r i d g e  open ings .  

3 .  Degradat ion o r  aggrada t ion  of a  s t ream channel  over  long 
l e n g t h s  and t ime due t o  changes i n  c o n t r o l s ,  such a s  dams, 
changes i n  sediment c o n t e n t  and changes i n  r i v e r  geomorphol- 
ogy, such a s  changing from a  meandering r i v e r  t o  a  b r a i d e d  
s t ream.  

These e f f e c t s  a r e  i n  g e n e r a l  a d d i t i v e  so  t h a t  l o c a l  s c o u r  can occur  
whi le  scour  due t o  c o n t r a c t i o n  i s  o c c u r r i n g  and d e g r a d a t i o n  o r  aggrada- 
t i o n  of t h e  s t ream i s  t a k i n g  p l a c e .  Respec t ive  t ime  s c a l e s  f o r  scour  
a r e  p r o g r e s s i v e l y  l a r g e r .  

Degradat ion and Aggradation 

Degradat ion and aggrada t ion  of a  r i v e r  bed h a s  been d i s c u s s e d  i n  
p rev ious  c h a p t e r s  and must be c a r e f u l l y  cons idered .  A long  r e a c h  of 
r i v e r  channel  may be  s u b j e c t e d  t o  a  g e n e r a l  lowering o r  r a i s i n g  of Lhe 
bed l e v e l  over  a  long  p e r i o d  of t ime .  P r e d i c t i o n  of u l t i m a t e  degrada- 
t i o n  o r  a g g r a d a t i o n  of a  s t ream can g e n e r a l l y  be  made u s i n g  mathemat ical  
models. 

General  Scour 

Scour a t  c o n t r a c t i o n s  occur  because t h e  Elow a r e a  becomes s m a l l e r  
t h a n  t h e  normal s t ream and average v e l o c i t y  and bed s h e a r  s t r e s s  
i n c r e a s e .  Hence, t h e r e  i s  an i n c r e a s e  i n  s t ream power a t  t h e  c o n t r a c -  
t i o n  and more bed m a t e r i a l  1s t r a n s p o r t e d  through t h e  c o n t r a c t e d  s e c t i o n  
t h a n  i s  t r a n s p o r t e d  i n t o  t h e  s e c t i o n .  A s  bed l e v e l  i s  lowered v e l o c i t y  
d e c r e a s e s ,  s h e a r  s t r e s s  d e c r e a s e s ,  and e q u i l i b r i u m  i s  r e s t o r e d  when t h e  
t r a n s p o r t  r a t e  of sediment through t h e  c o n t r a c t e d  s e c t i o n  i s  e q u a l  t o  
t h e  incoming r a t e .  

Flows conf ined  t o  t h e  channe l .  Consider a  s i t u a t i o n  where a normal 
r i v e r  channel  i s  narrowed bv a  c o n t r a c t i o n .  Scour due t o  t h e  c o n t r a c -  
t i o n  may be  determined i n  t h e  fo l lowing  manner (Nordin ,  1971).  The ap- 
proach f low d e p t h  y l  and average approach flow v e l o c i t y  V1 r e s u l t  i n  



t h e  sediment t r a n s p o r t  r a t e  qs l .  T o t a l  t r a n s p o r t  r a t e  t o  t h e  

c o n t r a c t i o n  i s  W19s 1 
i n  which W i s  wid th  of t h e  approach.  I f  t h e  

1 
w a t e r  f low r a t e  Q1 = W q  i n  t h e  upstream channel  i s  e q u a l  t o  t h e  f low 

1 1  
r a t e  a t  t h e  c o n t r a c t e d  s e c t i o n ,  t h e n  by c o n t i n u i t y  

- Here q = ylVl and q - y2V2, and t h e  s u b s c r i p t  2 r e f e r s  t o  c o n d i t i o n s  
1 2 

i n  t h e  c o n t r a c t e d  s e c t i o n .  The sediment  t r a n s p o r t  r a t e  a t  t h e  con- 
t r a c t e d  s e c t i o n  a f t e r  e q u i l i b r i u m  i s  e s t a b l i s h e d  must be  

The r e l a t i o n s h i p s  o f  y  and V a t  s e c t i o n s  1 and 2  a r e  shown i n  F i g u r e  
9-14 f o r  c o n s t a n t  q1 and q2. 

log v 

F i g u r e  9-14. U n i t  d i s c h a r g e  a s  a  f u n c t i o n  o f  d e p t h  and v e l o c i t y .  

U t i l i z i n g  a  sediment  t r a n s p o r t  e q u a t i o n  it i s  p o s s i b l e  t o  c o n s t r u c t  
curves  f o r  t r a n s p o r t  r a t e s  o f  sediment of g iven  median s i z e  a s  f u n c t i o n s  
of f low dep th  and v e l . o c i t i e s .  An i l l u s t r a t i o n  of such  dependence i s  
shown i n  F i g u r e  9-15 u s i n g  t h e  Colby method. 

Now t h e  r e s u l t  o f  over lapp ing  F i g u r e  9-14 w i t h  F i g u r e  9-15, i s  
shown i n  F i g u r e  9-16. 

Depth o f  s c o u r  due t o  t h e  c o n t r a c t i o n  i s  t h e n  

Overbank f low w i t h  flow i n  t h e  channe l .  Laursen .(1960).devePoped 
4 an e q u a t i o n  f o r  scour  a t  a  c o n t r a c t i o n w h e r e  i n  a d d i t i o n  t o  channel  

f low t h e r e  i s  overbank flow c o n c e n t r a t i n g  t h e  c o n t r a c t e d  channe l  
( d e s i g n a t e d  by s u b s c r i p t  2 ) .  The e q u a t i o n  t o  p r e d i c t  d e p t h  of f l o w . a t  
s e c t i o n  2 i s  
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log v 

F i g u r e  9-15. Sediment t r a n s p o r t  r a t e  a s  a  f u n c t i o n  of dep th  and 
v e l o c i t y .  

log  v 

F i g u r e  9-16. Determinat ion of s c o u r  d e p t h .  

i n  which Qc i s  t h e  approach channel  f low r a t e  and Qt i s  t h e  con- 

t r a c t e d  channel  f low r a t e  t h a t  i s  g r e a t e r  t h a n  t h e  approach channel  
f low r a t e  by t h e  amount o i  f low on the f l o o d p l a i n .  V a r i a b l e  n  i s  t h e  
Manning roughness c o e f f i c i e n t ,  W i s  t h e  channel  w i d t h ,  and exponent f  
i s  given below. 

v,: f  
- 

< 0 .5  0 .25  

1 1 



Here V i s  s h e a r  v e l o c i t y  i n  t h e  approach channel  and w i s  f a l l  
C 

v e l o c i t y  o f  bed m a t e r i a l .  

Overbank flow o n l y .  For s c o u r  a t  b r i d g e s  on a  f l .oodplain  where 
t h e r e  i s  no sediment  t r a s n p o r t  from upst ream,  Laursen (1963) proposed 
t h a t  C) 

where y l ,  V1, and W1 a r e  d e p t h ,  v e l o c i t y  and wid th  o f  t h e  approach 

f low,  Y2 
i s  t h e  g e n e r a l  scour  f low dep th  a t  t h e  b r i d g e  and D50 

i s  
median d lamete r  o f  t h e  bed m a t e r i a l s  a t  t h e  b r i d g e .  

Local Scour 

Local  s c o u r  o c c u r s  i n  t h e  bed around p i e r s  and embankments due t o  
t h e  a c t i o n s  o f  v o r t e x  systems induced by o b s t r u c t i o n s  t o  t h e  f low.  
Local s c o u r  occurs  i n  con junc t ion  w i t h  o r  i n  t h e  absence o f  degradat i .on,  
a g g r a d a t i o n ,  and s c o u r  due t o  c o n t r a c t i o n s .  There  i s  need t o  unders tand  
t h e  mechanism of .  l o c a l  s c o u r  and c a l c u l a t i o n  of p o t e n t i a l  s c o u r  d e p t h s ,  
a f t e r  which means may be cons idered  i n  t h e  d e s i g n  t o  e l i m i n a t e  o r  reduce 
i t s  magnitude by s u i t a b l e  p r o t e c t i v e  methods. 

Mechanism of  l o c a l  s c o u r .  The b a s i c  mechanism caus ing  l o c a l  s c o u r  
i s  t h e  v o r t e x  of f l u i d  r e s u l t i n g  from p i l e u p  o f  w a t e r  on t h e  upstream 
edge and subsequent  a c c e l e r a t i o n  of f low around t h e  nose  of t h e  p i e r  o r  
embankment. The a c t i o n  of t h e  v o r t e x  i s  t o  e rode  bed m a t e r i a l s  away 
from t h e  b a s e  r e g i o n .  I f  t h e  t r a n s p o r t  r a t e  o f  sediment  away from t h e  
l o c a l  r e g i o n  i s  g r e a t e r  t h a n  t h e  t r a n s p o r t  r a t e  i n t o  t h e  r e g i o n ,  a s c o u r  
h o l e  deve lops .  A s  t h e  dep th  i s  i n c r e a s e d ,  s t r e n g t h  o f  t h e  v o r t e x  i s  
reduced,  t r a n s p o r t  r a t e  i s  reduced,  and e q u i l i b r i l u n  i s  r e e s t a b l i s h e d  and 
s c o u r i n g  c e a s e s .  

Flow f i e l d  and v o r t e x  systems around a  c i r c u l a r  p i e r  and approach 
embankment a r e  i l l u s t r a t e d  i n  F i g u r e s  9-17 and 9-18. Although t h e  
v o r t e x  system i s  known t o  be t h e  cause  of l o c a l  s c o u r ,  i t  has  n o t  been 
p o s s i b l e  a s  y e t  t o  c a l c u l a t e  s t r e n g t h  o f  t h e  v o r t e x  and r e l a t e  t h e  
v e l o c i t y  f i e l d  w i t h  subsequent  s c o u r .  U n t i l  f u r t h e r  r e s e a r c h  and s t u d y  
makes t h i s  p o s s i b l e ,  average v e l o c i t y  and l o c a l  dep th  of f low a r e  used 
i n  t h e  e q u a t i o n s  t o  p r e d i c t  l o c a l  scour  d e p t h s .  

Local  s c o u r  around embankments. A t y p i c a l  s c o u r  h o l e  a t  a n  
embankment and a d j a c e n t  p i e r  i s  i l l u s t r a t e d  i n  F i g u r e  9-19. 

The d e p t h  o f  s c o u r  v a r i e s  w i t h  t ime  because  sediment  t r a n s p o r t e d  
i n t o  t h e  s c o u r  h o l e  from upstream v a r i e s ,  depending upon t h e  p resence  o r  
absence of dunes .  The t ime r e q u i r e d  f o r  dune motion i s  much l a r g e r  t h a n  
t h e  t ime r e q u i r e d  f o r  l o c a l  s c o u r .  Thus, even w i t h  s t e a d y  s t a t e  
c o n d i t i o n s ,  dep th  o f  scour  i s  l i k e l y  t o  f l u c t u a t e  w i t h  t ime  when t h e r e  

4 a r e  dunes t r a v e l i n g  on t h e  channel  bed .  Depth of t h e  s c o u r  h o l e  is  more 
v a r i a b l e  w i t h  l a r g e r  dunes.  When t h e  c r e s t  o f  t h e  dune reaches  t h e  



F i g u r e  9-17.  Schematic r e p r e s e n t a t i o n  of scour  a t  a  c y l i n d r i c a l  p i e r .  

F i g u r e  9-18.' Schematic r e p r e s e n t a t i o n  of s c o u r  a t  a n  embankment. 

-- 
Pier 

Abutment' 
1 

F i g u r e  9-19 .  Typ ica l  scour  a t  an  embankment and a d j a c e n t  p i e r .  



l o c a l  s c o u r  a r e a ,  t r a n s p o r t  r a t e  i n t o  t h e  h o l e  i n c r e a s e s ,  t h e  s c o u r  h o l e  
f i l l s ,  and s c o u r  d e p t h  t e m p o r a r i l y  d e c r e a s e s .  When a  t r o u g h  approaches ,  
t h e r e  i s  less sediment supp ly  and t h e  s c o u r  d e p t h  i n c r e a s e s  t o  t r y  t o  
r e e s t a b l i s h  e q u i l i b r i u m  i n  sediment t r a n s p o r t  r a t e s .  A mean s c o u r  d e p t h  
between t h e s e  o s c i l l a t i o n s  i s  r e f e r r e d  t o  a s  e q u i l i b r i u m  s c o u r  dep th .  
I t  i s  n o t  uncommon ( a s  determined i n  l a b o r a t o r y  t e s t s )  t o  f i n d  maximum 
dep ths  t o  be  30 p e r c e n t  g r e a t e r  t h a n  e q u i l i b r i u m  s c o u r  d e p t h s .  The 
dep th  t h a t  would be  reached i f  no sediment was t r a n s p o r t e d  i n t o  t h e  
s c o u r  h o l e  i s  t h e  c l e a r - w a t e r  s c o u r  d e p t h .  

D e t a i l e d  s t u d i e s  of scour  around embankments have been performed 
mos t ly  i n  l a b o r a t o r i e s .  There a r e  v e r y  few c a s e  s t u d i e s  f o r  s c o u r  a t  
f i e l d  i n s t a l l a t i o n s .  According t o  t h e  s t u d i e s  of L iu  e t  a l .  (1961) t h e  
e q u i l i b r i u m  s c o u r  dep th  f o r  l o c a l  scour  i n  sand a t  a  s p i l l  s l o p e  when 
t h e  f low is  s u b c r i t i c a l  i s  determined by t h e  e x p r e s s i o n  

where s 
i s  e q u i l i b r i u m  dep th  of s c o u r  measured from t h e  mean bed 

l e v e l  t o  t h e  bottom of t h e  s c o u r  h o l e ,  a  i s  embankment l e n g t h  
(measured normal. t o  t h e  wa l l  of a  f lume) ,  

y1 
i s  upstream d e p t h ,  and 

Frl  i s  t h e  upstream Proud number determined a s  

I f  t h e  embankment t e r m i n a t e s  a t  a  v e r t i c a l  w a l l  and h a s  a  v e r t i c a l  w a l l  
on t h e  upstream s i d e ,  then  t h e  s c o u r  h o l e  dep th  i n  sand n e a r l y  doubles  
( L i u ,  1961 and G i l l ,  1972) .  That i s ,  

The l a t e r a l  e x t e n t  of t h e  scour  h o l e  i s  n e a r l y  always d e t e r m i n a b l e  from 
d e p t h  of s c o u r  and n a t u r a l  a n g l e  o f  repose  of t h e  bed m a t e r i a l .  

F 
s c a r c e  

determ 

e l d  d a t a  f o r  scour  a t  embankments f o r  v a r i o u s  s i z e  r i v e r s  a r e  
b u t  d a t a  c o l l e c t e d  a t  rock d i k e s  on t h e  M i s s i s s i p p i  i n d i c a t e  t h a t  

i n e s  t h e  e q u i l i b r i u m  scour  dep th  f o r  l a r g e  a / y l .  Data a r e  
s c a t t e r e d  p r i m a r i l y  because  e q u i l i b r i u m  dep ths  were n o t  measured.  
nunes a s  l a r g e  a s  20 t o  30 f e e t  h igh  move down t h e  M i s s i s s i p p i  and 
a s s o c i a t e d  t ime  f o r  dune movement i s  v e r y  l a r g e  i n  comparison t o  t ime  

4 r e q u i r e d  t o  form l o c a l  scour  h o l e s .  N e v e r t h e l e s s ,  it i s  b e l i e v e d  t h a t  
t h e s e  d a t a  r e p r e s e n t  t h e  l i m i t  i n  s c a l e  f o r  s c o u r  d e p t h s  a s  compared t o  
1 .aboratory  d a t a  and e n a b l e s  u s e f u l  e x t r a p o l a t i o n  o f  l a b o r a t o r y  s t u d i e s  
t o  f i e l d  i n s t a l l a t i o n s .  



Accordingly ,  it i s  recommended t h a t  Equa t ion  9-34 be a p p l i e d  t o  
embankments w i t h  0 < a/yl  < 25 and Equat ion 9-37 be  used f o r  a /yl  > 25. 

The e q u a t i o n s  a r e  shown i n  g r a p h i c a l  form i n  F i g u r e  9-20. I n  a p p l y i n g  
Equat ion 9-34, t h e  embankment l e n g t h  a  i s  measured from t h e  h igh  wate r  
l i n e  a t  t h e  v a l l e y  bank p e r p e n d i c u l a r l y  t o  t h e  end of t h e  embankment. 
I f  a / y l  > 25, t h e n  scour  dep th  i s  independent  of a / y l  and depends 

on ly  on t h e  approach Froude number and dep th  of f low.  For  a / y l  < 25,  a s  

f o r  example a t  d i k e s  and s h o r t  embankments, Equa t ion  9-34 would app ly .  
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F i g u r e  9-20. Recommended p r e d i c t i o n  e q u a t i o n  f o r  embankment s c o u r .  

I t  should be r e c a l l e d  t h a t  maximum dep th  o f  s c o u r  i s  abou t  30 
p e r c e n t  g r e a t e r  t h a n  e q u i l i b r i u m  scour  dep th .  L a t e r a l  e x t e n t  of s c o u r  
can be  determined from t h e  a n g l e  of repose  of t h e  m a t e r i a l  and s c o u r  
dep th .  

I f  t h e  embankment i s  angled downstream, dep th  o f  s c o u r  i s  reduced 
because  o f  t h e  s t r e a m l i n i n g  e f f e c t .  Embankments t h a t  a r e  ang led  
upstream have deeper  scour  h o l e s .  C a l c u l a t e d  s c o u r  dep th  shou ld  be 
a d j u s t e d  i n  accordance wi th  t h e  curve of F i g u r e  9-21 t h a t  i s  p a t t e r n e d  
a f t e r  Ahmad (1953).  

Local scour  around p i e r s .  Local s c o u r  a t  p i e r s  i n  t h e  f low i s  a  
r e s u l t  of v o r t e x  systems developed a t  t h e  p i e r .  The "horseshoe v o r t e x  
system" i s  dominant a t  p i e r s ,  caus ing  d e e p e s t  s c o u r  a t  t h e  nose  of t h e  
p i e r .  The a x i s  o f  t h i s  v o r t e x  o r  t h e  v o r t e x  l i n e  i s  h o r i z o n t a l ,  and 
wraps around t h e  b a s e  of t h e  p i e r  i n  t h e  shape of a  horseshoe .  The h igh  
v e l o c i t i e s  s c o u r  t h e  bed.  The wake-vortex system has  v e r t i c a l  axes  and 
develops  because  o f  b lockage of t h e  f low by t h e . p i e r .  Wake v o r t i c e s  a r e  
commonly s e e n  a s  "eddies" .  Th i s  v o r t e x  system suspends t h e .  scoured 
m a t e r i a l  and c a r r i e s  it downstream w i t h  t h e  f low.  Downstream of embank- 
ments,  l a r g e  wake v o r t i c e s  o r  e d d i e s  scour  t h e  downstream s i d e s  of t h e  
embankments, t h e  r i v e r  bank, and t h e  s t ream bed.  Wake v o r t i c e s  down- 
s t ream of p i e r s  may c r e a t e  s u f f i c i e n t  v e l o c i t i e s  t o  cause  bed s c o u r  i f  
t h e  p i e r s  a r e  wide. For  most p i e r s ,  however, l i t t l e  a d d i t i o n a l  s c o u r i n g  
i s  caused by wake v o r t i c e s .  



cr: 
Angle of i n c l i n a t i o n ,  deg. 

Figure  9-21. Scour reduct ion  due t o  embankment i n c l i n a t i o n .  

Shape of t h e  p i e r  i s  s i g n i f i c a n t  with r e spec t  t o  scour  depth 
because it r e f l e c t s  t h e  s t r e n g t h  of t h e  horseshoe vo r t ex  a t  t h e  base of 
t he  p i e r .  A blunt-nose p i e r  causes t h e  g r e a t e s t  scour  depth.  Stream- 
l i n i n g  t h e  f r o n t  end of t he  p i e r  reduces t h e  s t r e n g t h  of t h e  horseshoe 
vo r t ex  reducing t h e  scour .  Streamlining the  downstream end of p i e r  
reduces t h e  s t r e n g t h  of wake v o r t i c e s .  Common shapes of p i e r s  a r e  shown 
i n  F igure  9-22. Width of 
2 .  Equil ibr ium of scour  
est imated wi th  t h e  equat ion 

p i e r s  a r e  l abe l ed  a  and l eng th  designated 
a t  t h e  nose of square-nosed p i e r s  can be 

where y  i s  upstream depth of flow and Frl i s  t h e  Froude number. 
Scour dep$h f o r  c i r c u l a r  cy l inde r s  i s  

s - -  - 2.0 (a) 0 . 6 5  0 . 4 3  

"1 1 Fr 1 

( O  ) Squore - nose ( b ) Round - nose ( c )  Cylinder 

( d  Shorp - nose ( e l  Group of Cylinders 

Figure  9-22. Common p i e r  shapes. 



The form of  Equat ion 9-38 f o r  square-nosed p i e r s  and Equa t ion  9-36 
f o r  v e r t i c a l - w a l l  embankments a r e  s i m i l a r ,  a l though  t h e  v a r i a b l e  a  
t a k e s  on d i f f e r e n t  meanings. Th is  s i m i l a r i t y  e x i s t s  because  t h e  s c o u r  
mechanisms f o r  t h e  two c a s e s  a r e  s i m i l a r .  

C y l i n d r i c a l  p i e r s  have been widely  i n v e s t i g a t e d  i n  t h e  l a b o r a t o r y .  
Exponents i n  Equat ion 9-39 were determined from l a b o r a t o r y  d a t a  shown 

i n  F i g u r e  9-23. I n  t h i s  f i g u r e ,  t h e  a b s c i s s a  i s  l a b e l e d  ( a / y 1 ) 3 ~ Z 1  t o  
sp read  t h e  d a t a .  I t  should be noted t h a t  

F i g u r e  9-23. R e s u l t s  of l a b o r a t o r y  exper iments  f o r  s c o u r  a t  
c i r c u l a r  p i e r s .  

The s c o u r  dep th  d e c r e a s e s  a s  a  consequence of s t r e a m l i n i n g .  
Reduction i n  s c o u r  dep th  can be e s t i m a t e d  from t h e  v a l u e  g i v e n  i n  Tab le  
9-2. 

Tab le  9 -2 .  Reduction i n  s c o u r  dep ths  f o r  equal. 
p r o j e c t e d  widths  of p i e r .  

Type of P i e r  yS/yS ( s q u a r e  nose)  
- - 

Square nose 

Cly inder  

Round nose 

Sharp nose 

Group of c y l i n d e r s  



P i e r  a l ignment  o t h e r  t h a n  p a r a l l e l  w i t h  f low d i r e c t i o n  w i l l  c r e a t e  
deeper  s c o u r  h o l e s  because  i n  e f f e c t  t h e  dimension a  i n c r e a s e s .  I n  
Tab le  9-3  m u l t i p l y i n g  f a c t o r s  t o  Equa t ion  9-38 a r e  g i v e n .  Scour a t  
s i n g l e  c y l i n d r i c a l  p i e r s  i s  i n v a r i a n t  t o  f low d i r e c t i o n ,  b u t  groups  o f  
c y l i n d r i c a l  p i e r s  would be a f f e c t e d  by f low a n g u l a r i t y .  

Tab le  9-3.  M u l t i p l y i n g  f a c t o r s  f o r  scour  d e p t h s  w i t h  
skewed f low d i r e c t i o n .  

Angle of skew 
i n  degrees  R/a = 4 R/a = 8  R/a = 12 

The concept  of e q u i l i b r i u m  s c o u r  dep th  a l s o  a p p l i e s  t o  s c o u r  around 
. p i e r s .  I t  should be r e c a l l e d  t h a t  maximum scour  dep th  a t  p i e r s  could  b e  

\ a s  l a r g e  a s  30 p e r c e n t  g r e a t e r  than  e q u i l i b r i u m  s c o u r  d e p t h .  

The b a s e  l e v e l  t o  which scour  d e p t h s  can be  r e f e r e n c e d  i s  n o t  a  
t r i v i a l  q u e s t i o n .  I n  some r i v e r s ,  dune h e i g h t s  may b e  a s  l a r g e  a s  20 t o  
30 f e e t  and 

y1 
would normal ly  be measured from some l e v e l  c l o s e r  t o  

t h e  t o p s  of t h e  dunes .  Scour dep ths  on t h e  o t h e r  hand shou ld  b e  r e f e r -  
enced n e a r e r  t h e  t rough  of t h e  dunes .  The bed l e v e l  f o r  s c o u r  due t o  
c o n t r a c t i o n s  i s  f i r s t  c a l c u l a t e d .  T h i s  e s t a b l i s h e s  y l  and Fr l .  The 
l o c a l  s c o u r  dep th  i s  t h e n  r e f e r e n c e d  t o  t h a t  bed l e v e l .  

P r o t e c t i o n  o f  S t r u c t u r e s  from Local Scour 

Three  b a s i c  methods may be  used t o  p r o t e c t  s t r u c t u r e s  from damage 
due t o  l o c a l  s c o u r .  The f i r s t  i s  t o  p r e v e n t  damaging v o r t i c e s  from 
deve lop ing  and t h e  second i s  t o  p rov ide  p r o t e c t i o n  a t  some l e v e l  a t  o r  
below t h e  s t ream bed t o  a r r e s t  development o f  t h e  s c o u r  h o l e .  The t h i r d  
is t o  p l a c e  t h e  founda t ions  of s t r u c t u r e s  a t  such  dep th  t h a t  t h e  d e e p e s t  
s c o u r  h o l e  w i l l  n o t  t h r e a t e n  t h e  s t a b i l i t y  o f  t h e  s t r u c t u r e .  The l a s t  
method i s  o f t e n  v e r y  expensive  and r i s k  i s  invo lved  because  o f  t h e  
u n c e r t a i n t y  a s s o c i a t e d  w i t h  e s t i m a t i n g  a d d i t i v e  e f f e c t s  o f  s c o u r  due t o  
c o n t r a c t i o n  and channe l  d e g r a d a t i o n .  

Vortex r e d u c t i o n .  A s  p r e v i o u s l y  mentioned, s t r e a m l i n i n g  t h e  p i e r s  
can reduce s c o u r  d e p t h  by 10 t o  20 p e r c e n t .  Another method of  reduc ing  
v o r t e x  s t r e n g t h  a t  t h e  p i e r  i s  t o  c o n s t r u c t  b a r r i e r s  upst ream of b r i d g e  

% p i e r s  w i t h  a  c l u s t e r  of p i l e s  f o r  i n s t a n c e .  While t h e  p i l e s  a r e  
s u b j e c t e d  t o  s c o u r ,  f a i l u r e  o f  t h e s e  p i l e s  i s  n o t  damaging t o  t h e  
b r i d g e .  Debr i s  can c o l l e c t  on t h e  upstream p i l e s  keeping t h e  nose  o f  



t he  br idge  p i e r  re1ativel.y f r e e  of deb r i s .  P i leup  of water  a t  t h e  
upstream p i l e s  reduces t h e  dynamic p i l eup  of water a t  t h e  p i e r  and 
reduces the  vor tex  s t r e n g t h  a t  t he  p i e r .  Spur d ikes  can be placed a t  
t he  ends of approach embankments t o  reduce l o c a l  scour  a t  t he  br idge .  
Spur d ikes  were discussed i n  a previous s e c t i o n .  

Bed p ro t ec t ion .  Riprap p i l e d  around t h e  base of t h e  p i e r  i s  a  
common method of l o c a l  scour p ro t ec t ion .  The p r i n c i p l e  i s  ' t h e  same a s  
t oe  t renches  f o r  bank p ro t ec t ion .  The region of t h e  b e d ,  beyond t h e  
r i p r a p  p i l e  scours  and a s  t h e  scour hole  i s  formed, r i p r a p  s l i d e s  down 
i n t o  t h e  scour  hole  eventua l ly  armoring t h e  s i d e  of t h e  scour  hole  
ad jacent  t o  t h e  p i e r .  An es t imate  of t he  depth of scour  is, needed t o  
determine t h e  quan t i t y  of r i p r a p  required f o r  e f f e c t i v e  q r o t e c t i o n .  
Because of armoring, t he  e f f e c t i v e  depth of scour  i s  l e s s \ t h a n  t h a t  
ca l cu la t ed  by Equations 9-38 and 9-34. There a r e  few s t u d i e s j ~ o  es tab-  

8 I 
l i s h  dependable gu ide l ines ,  bu t  50 t o  60 percent  reduction. i q  ys may 
be used a s  an es t imate  of f i n a l  scour depth. By f r e q u e n t i n s p e c t l o n  it 
can be determined whether t he  s i z e  and quan t i t y  of r i p r a p  used i n i t i a l l y  
is  adequate.  I f  add i t i ona l  amounts of r i p r a p  a r e  necessary,  placement 
from the  water su r f ace  may be poss ib l e  i n  t imes of low flow with con- 
s i d e r a t i o n  given t o  t h e  f a l l i n g  pa th  of rocks i n  a  flowing stream. 

A s t r u c t u r a l  concrete  she l f  placed a t  about 0 . 5  ys,  where ys 
i s  

ca l cu la t ed  from Equation 9-38, extending l a t e r a l l y  from t h e  p i e r ,  and 
completely surrounding the  p i e r  may be e f f e c t i v e  i n  l i m i t i n g  t h e  scour  
depth.  The l a t e r a l  ex t en t  of t he  s h e l f  should be about 0 .3  ys cot$ 
where i s  t h e  angle  of repose of t h e  bed m a t e r i a l .  While t h i s  method 
may be e f f e c t i v e  f o r  s  

< 20 f e e t ,  i t  may become imprac t i ca l  f o r  l a r g e r  

Ys - 
Pro tec t ive  mat t resses  such a s  rock and wire have been suggested i n  

t h e  p a s t  and have been used i n  a  few circumstances.  While they  may 
have mer i t  where adequate s i z e  r i p r a p  may be sca rce ,  anchoring and s t ab -  
i l i z a t i o n  of t h e  mat t resses  t o  conform wi th  scour  holes  i s  usua l ly  d i f -  
f i c u l t .  Use of mat t resses  i n  conjunct ion with r i p r a p  may be q u i t e  
e f f e c t i v e ,  i f  t h e  mat t ress  performs e s s e n t i a l l y  . a s  a  f l e x i b l e  f i l t e r  
b lanket  t h a t  deforms a s  scour  holes  develop. 
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APPENDIX 9A 

SAFETY FACTORS FOR RIPUP - THEORETICAL DEVELOPNENT 

9A.1 INTRODUCTION 

I n  t h e  absence of waves and seepage,  s t a b i l i t y  o f  rock r i p r a p  
p a r t i c l e s  on a  s i d e  s l o p e  i s  a  f u n c t i o n  o f :  1 )  t h e  magnitude and d i r e c -  
t i o n  of t h e  s t ream v e l o c i t y  i n  t h e  v i c i n i t y  of t h e  p a r t i c l e s ,  2) a n g l e  
of t h e  s i d e  s l o p e ,  and 3)  t h e  c h a r a c t e r i s t i c s  o f  t h e  rock i n c l u d i n g  
geometry, a n g u l a r i t y  and d e n s i t y .  F u n c t i o n a l  r e l a t i o n s  between t h e  
v a r i a b l e s  i s  developed below. Th is  development c l o s e l y  f o l l o w s  t h a t  
g iven by S tevens  and Simons (1971).  

Oblique Flow on a  S i d e  Slope 

Consider  f low a long  an  embankment a s  shown i n  F i g u r e  9A-1. The 
f l u i d  f o r c e s  on a  rock p a r t i c l e  i d e n t i f i e d  a s  P  i n  F i g u r e  9A-la r e s u l t  
p r i m a r i l y  from f l u i d  p r e s s u r e s  around t h e  s u r f a c e  of t h e  p a r t i c l e s .  The 
l i f t  f o r c e  F  is d e f i n e d  h e r e i n  a s  t h e  f l u i d  f o r c e  normal t o  t h e  p l a n e  
of t h e  embanknent. L i f t  f o r c e  i s  z e r o  when f l u i d  v e l o c i t y  i s  z e r o .  
Drag f o r c e  F i s  d e f i n e d  a s  f l u i d  f o r c e  a c t i n g  on t h e  p a r t i c l e  i n  t h e  
d i r e c t i o n  o f  %he v e l o c i t y  f i e l d  i n  t h e  v i c i n i t y  of t h e  p a r t i c l e .  The 
d rag  f o r c e  i s  normal t o  t h e  l i f t  f o r c e  and i s  z e r o  when t h e  f l u i d  
v e l o c i t y  i s  z e r o .  The remaining f o r c e  i s  t h e  submerged weight  of t h e  
rock p a r t i c l e  . Ws 

Rock p a r t i c l e s  on s i d e  s l o p e s  t end  t o  r o l l  r a t h e r  t h a n  s l i d e  s o  it 
is a p p r o p r i a t e  t o  c o n s i d e r  s t a b i l i t y  o f  rock p a r t i c l e s  i n  terms o f  
moments abou t  t h e  p o i n t  of r o t a t i o n .  I n  F i g u r e  9A-lb t h e  d i r e c t i o n  o f  
movement is d e f i n e d  by. t h e  v e c t o r  R. P o i n t  o f  c o n t a c t  abou t  which 
r o t a t i o n  i n  t h e  R d i r e c t i o n  occurs  i s  i d e n t i f i e d  a s  p o i n t  "0" i n  
F i g u r e  9A-lc.  

Forces  a c t i n g  i n  t h e  p l a n e  of t h e  s i d e  s l o p e  a r e  Fd and WssinO 
a s  shown i n  F i g u r e  9A-lb. Angle 0 i s  t h e  s i d e  s l o p e  a n g l e .  L i f t  
f o r c e  a c t s  normal t o  t h e  s i d e  s l o p e  and t h e  component of submerged 
weight  W cos0 a c t s  normal t o  t h e  s i d e  s l o p e  a s  shown i n  F i g u r e  9A-lc.  

S 

A t  i n c i p i e n t  motion,  t h e r e  i s  a  ba lance  of moments about  t h e  p o i n t  
of r o t a t i o n  such t h a t  

Moment a r m  e  e 2 ,  ej, and e4 a r e  d e f i n e d  i n  F i g u r e  9A-lc and 1 ' 
a n g l e s  6 and $ a r e  d e f i n e d  i n  F i g u r e  Alb. 

The f a c t o r  o f  s a f e t y  S.F.  of t h e  p a r t i c l e  P  a g a i n s t  r o t a t i o n  i s  
d e f i n e d  a s  t h e  r a t i o  of t h e  moments r e s i s t i n g  p a r t i c l e  r o t a t i o n  o u t  of 
t h e  bank t o  t h e  submerged weight and f l u i d  f o r c e  moments t e n d i n g  t o  
r o t a t e  t h e  p a r t i c l e  o u t  of i t s  r e s t i n g  p o s i t i o n .  Accordingly ,  



\ Flow Horizontol line 

/ \ Direction of velocity, vr 

( a )  General view 

Horizontol 

R, Direction of 
particle movement 

(b)  View normal t o  t he  s i d e  s lope  (c)  Sec t ion  A-A 

F igure  9A-1. Diagram f o r  t h e  r i p r a p  s t a b i l i t y  condi t ions .  

e  W cose 
S . F .  = 2 s 

elWs s i n e  cosf-3 + e  F  cos6 + e4FQ (9A-2) 
3 d  

I f  t h e r e  i s  no 
repose 4 f o r  
flow condi t ion  

flow and s i d e  s lope  angle  i s  increased  t o  t h e  angle of 
rock p a r t i c l e s ,  t h e  s a f e t y  f a c t o r  becomes un i ty .  The no 

causes Fd and Fp t o  become zero .  Then, 

S.F. = 1.0  

e = $  

f-3 = 0 deg 

A = 0  deg 

6 = 90-A-f-3 (See Figure 9A-lb) 

2  = 90 deg 



With these  va lues ,  Equation 9A-2 reduces t o  

That i s ,  t h e  r a t i o  of moment arms e2/el i s  charac te r ized  by t h e  

n a t u r a l  angle  of repose . Fur the r ,  i t  i s  assumed t h a t  t h e  r a t i o  
e2/el i s  i n v a r i a n t  t o  t he  d i r e c t i o n  of p a r t i c l e  motion ind ica t ed  by 

angle fJ. 

Dividing both numerator and denominator by e2Ws, Equation 9A-2 i s  
transformed t o  

S.F. = cos0 tan$ 
q f t a n @  + s i n e  cosp 

i n  which 

e  F  
3 d ql = - e4F!2 

cosd + - 
e2Ws e2Ws 

The v a r i a b l e  T\ '  i s  ca l l ed  t h e  s t a b i l i t y  number f o r  t h e  p a r t i c l e s  on 
the  embankment s i d e  s lope and i s  r e l a t e d  t o  t h e  S h i e l d s '  parameter 

Here ; to  i s  the  average t r a c t i v e  fo rce  on t h e  s i d e  s lope  i n  t h e  

v i n c i n i t y  of , p a r t i c l e  P ,  y i s  u n i t  weight of water ,  and D i s  t h e  
diameter of t h e  rock p a r t i c l e s .  

Angle A shown i n  Figure 9A-lb i s  t h e  angle between t h e  ho r i zon ta l  
and v e l o c i t y  vec tor  (or drag fo rce )  measured i n  t h e  p lane  of t h e  s i d e  
s lope .  Then 



Also s i n 6  = sin(90-A-$) 

= cosA cos$ - s i n h  s i n $  (9A-9) 

I t  i s  assumed t h a t  moments of drag fo rce  Fd and component of 

submerged weight WssinO normal t o  pa th  R a r e  balanced so t h a t  t he  

d i r e c t i o n  of p a r t i c l e  motion w i l l  be along R .  Thus 

e  F  s i n 6  = elWs s i n e  s i n p  3 d (9A- 10) 

I t  fol lows then  from Equation 9A-9 and 9A-10 t h a t  

e,F,(cosA cos$ - s i n k  s ing )  

S t a b i l i t y  number q f o r  p a r t i c l e s  on a  plane bed (0  = 0)  wi th  
6  = 0 would be 

according t o  Equation 9A-6. Also, Equation 9A-5 becomes 

1 S.F. = - 
rl 

(9A- 14)  

f o r  flow over a  p lane  f l a t  bed. 

For i n c i p i e n t  motion condit ions f o r  flaw over a p lane  f l a t  bed, 
S.F. = 1 . 0  by d e f i n i t i o n  so from Equation 9A-14 q = 1 .0 .  When t h e  
flow along t h e  bed i s  f u l l y  t u rbu len t ,  t h e  Sh ie lds '  parameter f o r  
i n c i p i e n t  motion has t h e  va lue  0.047 according t o  Gess le r  (1971). That 
i s ,  wi th  q = 1 .0 ,  



For  flow c o n d i t i o n s  o t h e r  t h a n  i n c i p i e n t ,  q i s  t h e  r a t i o  

f o r  convenience,  

and 

I n  terms o f  t h e s e  new v a r i a b l e s ,  Equat ion 9A-6 becomes 

q '  = M + N cosd 

and Equat ion 9A-13 becomes 

Thus q and q a r e  r e l a t e d  by t h e  e x p r e s s i o n  

Equat ion 9A-21 i s  r e p r e s e n t e d  g r a p h i c a l l y  i n  F i g u r e  9A-2. 

The problem i s  t o  s e l e c t  t h e  p r o p e r  v a l u e  of t h e  r a t i o  M/N s o  
t h a t  t h e  s t a b i l i t y  f a c t o r  on a  s i d e  s l o p e  q '  can be  r e l a t e d  t o  t h e  
s t a b i l i t y  f a c t o r  on a  p lane  h o r i z o n t a l  bed q, which i n  t u r n  i s  r e l a t e d  
t o  t h e  S h i e l d s '  pa ramete r .  The assumption t h a t  d r a g  f o r c e  Fd i s  z e r o  

means M/N i s  i n f i n i t e ,  f3 i s  z e r o ,  and ' = q The assumption of 
z e r o  l i f t  f o r c e  FQ means M/N i s  z e r o  and q t / q  = cosd .  

I n  c o n s i d e r i n g  i n c i p i e n t  motion of r i p r a p  p a r t i c l e s ,  t h e  r a t i o s  

F ~ / ~ d  and e4/e3 v a r y  depending on the  t u r b u l e n t  c o n d i t i o n s  of f low 

and t h e  i n t e r l o c k i n g  arrangement o f  t h e  rock p a r t i c l e s .  I n  r e f e r r i n g  t o  
F i g u r e  9A-lc assume t h a t  



cos 6 

F i g u r e  9A-2 .  R a t i o  of s t a b i l i t y  f a c t o r s .  

t h e n  a  cho ice  f o r  FQ/Fd i s  

h F~ 1 
- M -  

Fd - 2 

so  t h a t  

With M/N = 1, Equa t ion  9 A - 2 1  becomes 

o r  by u s i n g  Equa t ion  9A-8 

I n  Equa t ion  9A-12, t h e  term e  W / e  F c a n . b e  w r i t t e n  
1 s  3 d  



accord ing  t o  Equat ion 9A-18 and 9A-4. For  M/N = 1, Equa t ion  9A-20 
becomes 

I f  we s u b s t i t u t e  Equa t ions  9A-27 and 9A-28 i n t o  Equat ion 9A-12, t h e  
e x p r e s s i o n  f o r  $ becomes 

t a n $  = cosh 
2 s i n 0  + sinh 
v a n e  

? 

I n  summary, t h e  s a f e t y  f a c t o r  f o r  rock r i p r a p  on s i d e  s l o p e s  where 
t h e  f low has  a  non-hor izon ta l  v e l o c i t y  v e c t o r  i s  r e l a t e d  t o  p r o p e r t i e s  
of t h e  rock ,  s i d e  s l o p e ,  and flow by t h e  fo l lowing  e q u a t i o n s  

S.F.  = cos0 t an$  
q t t a n $  + s i n 0  cosp 

i n  which 

cosh 
-1 2 s i n 0  + sinh $ = t a n  

v a n 4  

and 

Given rock s i z e  D of s p e c i f i c  weight  Ss ,  a n g l e  o f  repose  $, and 
a  v e l o c i t y  f i e l d  a t  a n  ang le  A t o  t h e  h o r i z o n t a l  producing a  t r a c t i v e  
f o r c e  to on t h e  s i d e  s l o p e  of a n g l e  0 ,  t h e  s e t  o f  4 e q u a t i o n s  
(Equations 9A-30, 9A-31, 9A-32, and 9A-33) can be  s o l v e d  t o  o b t a i n  t h e  
s a f e t y  f a c t o r  S.F. I f  S .F.  i s  g r e a t e r  t h a n  u n i t y ,  t h e  r i p r a p  i s  s a f e  
from f a i l u r e ;  i f  S.F. i s  u n i t y ,  t h e  rock i s  a t  t h e  c o n d i t i o n  o f  i n c i p -  
i e n t  motion; and i f  S.F.  i s  l e s s  t h a n  u n i t y ,  t h e  r i p r a p  w i l l  f a i l .  

Horizontal Flow on a Side S l o p e  

I n  many c i rcumstances ,  t h e  f low a n g u l a r i t y  w i t h  t h e  h o r i z o n t a l  i s  
smal l  i - e . ,  A - - 0. Then Equat ions  9A-31 and 9A-32 reduce t o  

-1 r l  t an$  $ = t a n  '2 s i n e  3 

and 



When Equa t ions  9A-34 and 9A-35 a r e  s u b s t i t u t e d  i n t o  Equa t ion  9A-30, t h e  
e x p r e s s i o n  f o r  t h e  s a f e t y  f a c t o r  f o r  h o r i z o n t a l  f low on a  s i d e  s l o p e  i s  

S  
S . F .  = ( d m -  - 

2 

i n  which 

5 = Sm q s e c e  

and 

I f  w e  s o l v e  Equa t ions  9A-36 and 9A-37 f o r  q ,  t h e n  

s2 - S.F .  2 

r l = i m  3 cose  
S.F.  sL 

m 

The term S  i s  t h e  s a f e t y  f a c t o r  f o r  r i p r a p  on a  s i d e  s l o p e  w i t h  no 
m 

f low.  Unless  t h e  f low i s  up s l o p e ,  t h e  s a f e t y  f a c t o r  f o r  r i p r a p  cannot  
be g r e a t e r  t h a n  Sm. 

Flow on a  P lane  S l o ~ i n n ' B e d  

Flow over  a  p l a n e  bed a t  a  s l o p e  o f  a d e g r e e s  i n  t h e  downstream 
d i r e c t i o n  i s  e q u i v a l e n t  t o  o b l i q u e  f low on a s i d e  s l o p e  w i t h  0 = a and 
A = 90°.  

Then accord ing  t o  Equat ion 9A-31, f3 = O0 and from Equa t ion  9A-33. 

I t  f o l l o w s  from Equa t ion  9A-30 t h a t  

S.F.  = cosa  t a n 0  
q tan$  + sinc! 

f o r  f low on a  p l a n e  bed s l o p i n g  a  degrees  t o  t h e  h o r i z o n t a l .  A l t e r -  
n a t i v e l y  s o l v i n g  f o r  q  i n  Equat ion 9A-41 

1 tanc! q  = cosa  (- - -1 
S . F .  t an$  



Flow on a  H o r i z o n t a l  Bed 

For  f u l l y  developed rough t u r b u l e n t  f low o v e r  a  p l a n e  h o r i z o n t a l  
bed (a =0) of rock r i p r a p ,  Equat ion 9A-41 reduces  t o  

1 S.F.  = - 
rl 

I f  t h e  r i p r a p  p a r t i c l e s  a r e  a t  t h e  c o n d i t i o n  of i n c i p i e n t  motion 
S.F.  = 1 s o  r l  = 1 and from Equat ion 9A-32 

which i s  S h i e l d s '  c r i t e r i a  f o r  t h e  i n i t i a t i o n  o f  motion.  

9A.2 REPRESENTATIVE GRAIN SIZE FOR RIPRAP 

The concept  o f  a  r e p r e s e n t a t i v e  g r a i n  s i z e  f o r  r i p r a p  i s  s imple .  A 
uniformly graded r i p r a p  w i t h  a  median s i z e  DS0 

s c o u r s  t o  a  g r e a t e r  

dep th  t h a n  a  wel l -graded mixture  w i t h  t h e  same median s i z e .  Uniformly 
d i s t r i b u t e d '  r i p r a p  s c o u r s  t o  a  dep th  a t  which t h e  v e l o c i t y  i s  l e s s  t h a n  
t h a t  r e q u i r e d  f o r  t h e  t r a n s p o r t a t i o n  of D50 s i z e  rock .  Well-graded 

r i p r a p  on t h e  o t h e r  hand develops  an armor p l a t e .  Tha t  i s ,  some of  t h e  
f i n e r  m a t e r i a l s  i n c l u d i n g  s i z e s  up t o  D50 and l a r g e r ,  a r e  t r a n s p o r t e d  
by h igh  v e l o c i t i e s  l e a v i n g  a  l a y e r  of l a r g e  rock s i z e s  t h a t  cannot  be 
t r a n s p o r t e d  under t h e  g iven  flow c o n d i t i o n s .  Thus,  s i z e  o f  rock  repre -  
s e n t a t i v e  of t h e  s t a b i l i t y  of r i p r a p  i s  determined by l a r g e r  s i z e s  of 
rock.  R e p r e s e n t a t i v e  g r a i n  s i z e  D f o r  r i p r a p  i s  l a r g e r  t h a n  t h e  
median rock s i z e  D50' ' 

I n  s t u d i e s  of scour  below c u l v e r t  o u t l e t s ,  S tevens  (1968) o b t a i n e d  
t h e  fo l lowing  e x p r e s s i o n  f o r  t h e  r e p r e s e n t a t i v e  g r a i n  s i z e  of w e l l -  
graded m a t e r i a l s  

where 



The terms DO,  D l O ,  - . ., DIOO a r e  s i e v e  d iamete r s  o f  r i p r a p  f o r  which 

0  p e r c e n t ,  10 p e r c e n t ,  . . . , 100 p e r c e n t  of t h e  m a t e r i a l  i s  f i n e r  by 
weigh t .  

Equa t ion  9A-45 is  e q u i v a l e n t  t o  t a k i n g  t h e  a r i t h m e t i c  average  of 
t h e  sum of  we igh t s  of i n d i v i d u a l  rock s i z e s .  I n  S t e v e n s '  s t u d i e s  
(1968) ,  t h e  r a t i o  of r e p r e s e n t a t i v e  s i z e  t o  median s i z e  D/D50 was 
v a r i e d  between 1 .005 and 2 .25 .  

Recommended R e p r e s e n t a t i v e  Gra in  S i z e  f o r  R i p r a p  

Computations o f  r e p r e s e n t a t i v e  g r a i n  s i z e  D f o r  t h e  recommended 
g r a d a t i o n  i s  g iven  i n  Table  9A-1. 

Table  9A-1. Data f o r  sugges ted  g r a d a t i o n .  

P e r c e n t  S ieve  
f i n e r  Dia .  

Rock s i z e s  i n  t h e  l a s t  column of Table  9A-1 a r e  used i n  Equa t ion  9A-45 
t o  de te rmine  r e p r e s e n t a t i v e  g r a i n  s i z e  D .  Computed D i s  



This  e f f e c t i v e  g r a i n  s i z e  of t h e  mixture  corresponds t o  t h e  s i z e  
r i p r a p .  D65. 

Comparison o f  R e p r e s e n t a t i v e  Grain  S i z e s  

I n  s c o u r  i n v e s t i g a t i o n s ,  Stevens  (1968) compared t h e  s c o u r  produced 
i n  two d i f f e r e n t  g r a d a t i o n s  of r i p r a p  having t h e  same median d i a m e t e r ,  
DS0 = 1 . 2  i n .  Riprap g r a d a t i o n s  a r e  shown i n  F i g u r e  A3 a s  curves  1-2 

and 3-4.  

.05 .1 . 5  1 5 10 20 
Sieve Size, inches  

F i g u r e  9A-3. Riprap g r a d a t i o n s .  

S ieve  s i z e s  of f o u r  segments of two g r a d a t i o n  c u r v e s  (segments 1, 
2 ,  3 ,  and 4)  a r e  l i s t e d  i n  Table  9A-2. 

Tab le  A2. Data f o r  s e l e c t e d  g r a d a t i o n s .  
- - 

Curve 1 Curve 2  Curve 3  Curve 4 
P e r c e n t  Dia . Dia.  Dia . Dia . 

F i n e r  i n .  i n .  i n .  i n .  



From t h e s e  d a t a  r e p r e s e n t a t i v e  g r a i n  s i z e s  f o r  t h e  f o u r  
g r a d a t i o n s  a r e  computed u s i n g  Equa t ion  98-45. The r e p r e s e n t a t i v e  g r a i n  
s i z e  D and t h e  r a t i o  of r e p r e s e n t a t i v e  d iamete r  t o  median d iamete r  

a r e  g iven  i n  Table  9A-3 f o r  t h e  f o u r  g r a d a t i o n s  (F igure  9A-3). 

Tab le  9A-3. R e p r e s e n t a t i v e  d iamete r  f o r  v a r i o u s  g r a d a t i o n s .  

Curve 
D 

i n .  

I n s p e c t i o n  of v a l u e s  i n  Table  9A-3 shows t h a t  l a r g e r  s i z e s  i n  t h e  
g r a d a t i o n  have a  dominant e f f e c t  i n  d e t e r m i n a t i o n  of r e p r e s e n t a t i v e  
g r a i n  s i z e .  Thus, l a r g e  s i z e s  of a  g r a d a t i o n  a r e  t h e  impor tan t  s i z e s  
f o r  s t a b i l i t y .  F i n e s  should n o t  be  n e g l e c t e d ,  however, s i n c e  l a c k  of 
f i n e s  n e c e s s i t a t e s  u s i n g  a  f i l t e r  under t h e  r i p r a p .  

. I f  a  r i p r a p  g r a d a t i o n  h a s  a  wide range of s i z e s ,  t h i c k n e s s  of t h e  
r i p r a p  l a y e r  must be  l a r g e  enough t o  p e r m i t  l o s s  of some f i n e s  (armor- 
p l a t i n g )  w i t h o u t  uncovering p r o t e c t e d  m a t e r i a l s  ( f i l t e r  o r  bank 
m a t e r i a l ) .  Recommended t h i c k n e s s  f o r  t h e  recommended g r a d a t i o n  i s  2D 
which i s  a l s o  

D l ~ ~  
. For  g r a d a t i o n s  w i t h  l a r g e r  g r a d a t i o n  c o e f f i c i e n 2 g  

t h i c k n e s s  must be a t  l e a s t  D 
100 ' For l a r g e r  g r a d a t i o n  c o e f f i c i e n t s  

(G > 3 .0)  t h i c k n e s s  can be  i n c r e a s e d  t o  1.5DIo0 t o  p r o v i d e  enough 
m a t e r i a l  f o r  a r m o r p l a t i n g .  

E f f e c t i v e  S i z e  f o r  Loe-normal Grada t ions  

Cumulative d i s t r i b u t i o n  f u n c t i o n  of a  log-normal d i s t r i b u t i o n  
can b e  expressed  a s  

X 
1 l n x  - p 

Fx(x) = s 
112 exp i -1 /2 (  y ) 2 )  dx (98-46) o a x(2n) 

Y Y 

where exp means r a i s i n g  t h e  b a s e  of t h e  n a t u r a l  log e  t o  t h e  power 
2  

( - 1 / 2 ( ( l n x - 1 - ~ ~ ) / a ~ )  and 

x  = p a r t i c l e  d iamete r  

Y = a  normal ly  (Gaussian) d i s t r i b u t e d  v a r i a b l e  

= l n x  



p = mean of  Y 
Y 

a = s t a n d a r d  d e v i a t i o n  of Y 
Y 

The median v a l u e  of x  can be  w r i t t e n  

IJ = l n D  
Y 5 0  

S i m i l a r l y  

where G i s  t h e  g r a d a t i o n  c o e f f i c i e n t .  I t  fo l lows  t h a t  t h e  e x p r e s s i o n  
f o r  mean s i z e  o f  bed m a t e r i a l  i s  

Mahmood (1973) found t h a t  t h e  d i s t r i b u t i o n  of o t h e r  p r o p e r t i e s  o f  
bed m a t e r i a l  such a s  t h e  p r o j e c t e d  a r e a  of t h e  p a r t i c l e ,  t h e  volume of 
t h e  p a r t i c l e ,  o r  t h e  s u r f a c e  a r e a  of t h e  p a r t i c l e  can a l s o  be r e p r e s e n t -  
ed by a  log-normal d i s t r i b u t i o n .  The volume of a  p a r t i c l e  p r o p e r t 1 . e ~  
can be w r i t t e n  

where V = t h e  volume of t h e  p a r t i c l e  

b  = c o n s t a n t  

x = p a r t i c l e  d iamete r  

Assuming a  c o n s t a n t  s p e c i f i c  weight o f  sediment ,  p a r t i c l e  weight  can be 
r e p r e s e n t e d  by Equa t ion  9A-50. 

Weight of a  bed m a t e r i a l  p a r t i c l e  i s  impor tan t  t o  p a r t i c l e  
s t a b i l i t y .  Thus, it i s  more meaningful t o  compute r e p r e s e n t a t i v e  p a r t i -  
c l e  s i z e  based on weight  of t h e  p a r t i c l e  t h a n  on d i a m e t e r .  From t h e  
e x p r e s s i o n s  p r e s e n t e d  by Malmood r e p r e s e n t a t i v e  s i z e  o f  t h e  bed m a t e r i a l  
based on t h e  weight  of t h e  p a r t i c l e s  i s  g iven  by 

R a t i o  o f  mean weight  s i z e  D t o  mean d iamete r  s i z e  Dm i s  given 
by 



which i s  always g r e a t e r  than one f o r  nonuniform g r a i n  s i z e  d i s t r i b u -  
t i o n s .  For uniform d i s t r i b u t i o n s  t h e r e  i s  only one p a r t i c l e  s i z e  and 
the  means a r e  i d e n t i c a l .  

9A.3 RELATION BETWEEN VELOCITY AND SHEAR 

In  order  t o  design r i p r a p  it i s  necessary t o  r e l a t e  t r a c t i v e  fo rce  
a c t i n g  on t h e  r iprapped bed o r  bank t o  , t h e  f l u i d  v e l o c i t y  i n  t h e  
v i c i n i t y  of t h e  r i p r a p .  For f u l l y  t u r b u l e n t  flow t h e  r e l a t i o n  f o r  t h e  
l o c a l  v e l o c i t y  v  a t  a  d i s t ance  y  above t h e  bed i s  given by 

i n  which V,- i s  t h e  shear  v e l o c i t y  t h a t  i s  

by d e f i n i t i o n .  This  v e l o c i t y  d i s t r i b u t i o n  equat ion  was employed by 
E i n s t e i n  (1950) i n  h i s  bedload func t ion  research .  

I f  we s e l e c t  v e l o c i t y  a t  d i s t ance  y  = D above t h e  bed as the  
re ference  v e l o c i t y  v  then 

r 

b v = 2.5 V,- I n  30.2 
r 

From Equations 9A-54 and 9A-55 t h e  r e l a t i o n s  between v  and r0 r i s  

This r e l a t i o n  i s  v a l i d  only f o r  uniform flow i n  wide p r i sma t i c  channels 
i n  which flow i s  f u l l y  t u r b u l e n t .  For purposes of r i p r a p  design Equa- 
t i o n  9A-56 can be employed when t h e  flow i s  a c c e l e r a t i n g  e .  g .  , on t h e  
nose of a spur  d ike .  The equat ion should not  be u'sed i n  a r e a s  where 
flow i s  d e c e l e r a t i n g  o r  below energy d i s s i p a t i n g  s t r u c t u r e s .  I n  t hese  
a r eas  shea r  s t r e s s  i s  l a r g e r  than  would be ca l cu la t ed  by Equation 9A-56. 

By s u b s t i t u t i n g  Equation 9A-56 i n t o  Equation 9A-66, t h e  express ion  
f o r  s t a b i l i t y  f a c t o r  becomes 

4 

Average v e l o c i t y  i n  v e r t i c a l  V i s  obtained from. E i n s t e i n s  
logrithrnic v e l o c i t y  equat ion wi th  x= 1 f o r  l a r g e  r i p r a p  s i z e s .  The 
expression can be w r i t t e n  



i n  which y  i s  t h e  depth  of f low. R a t i o  o f  r e f e r e n c e  v e l o c i t y  v  t o  
0 

depth-average v e l o c i t y  i s  r 

Equat ion 9A-59 i s  ob ta ined  from Equat ions  98-55 and 9A-58. The expres -  
s i o n  f o r  t h e  s t a b i l i t y  f a c t o r  q can be w r i t t e n  i n  terms of depth-  
averaged v e l o c i t y .  From Equat ions  9A-57 and 9A-59 

i n  which 

A s  shown i n  F i g u r e  9A-4 t h e  v a l u e  of p v a r i e s  from 0 .30  f o r  r e l a t i v e l y  
sha l low f lows t o  0 .04 f o r  yo/D = 1000. Searcy (1967) u s e s  t h e  expres -  
s i o n  

1 oO 10' 1 02 la" 

F i g u r e  9A-4. R e l a t i o n  between f3 and yo/D. 
b 



to determine velocity "against the stone". Here vs is velocity 
against the stone, V is the mean velocity in the channel, and log is 
the logarithm to the base 10. 

In wide channels depth-averaged - velocity and mean velocity in the 
channel are nearly equal i. e. , V - V. Then velocity against the stone 
is related to reference velocity by 

according to Equations 9A-59 and 9A-62. For values of yo/D between 
0 6 1x10 and 1x10 , the value of v /v is nearly 1.4. By letting 

r s 

the expression for stability factor Q (Equation 98-57) becomes 

In summary the following expressions for Q are equivalent 

and 



i n  which 

f3 = 0 . 3 0  ( 3 . 4  

yo 
1 

l n ( 1 2 . 3  D) 

9A.4 RIPRAP DESIGN ON AN EMBANKMENT 

When drawdown through a  c o n t r a c t i o n  i s  l a r g e  t h e r e  i s  an  
a p p r e c i a b l e  downslope component t o  t h e  v e l o c i t y  v e c t o r  on t h e  nose  o f  a n  
embankment end o r  s p u r  d i k e .  Th is  downslope component o f  v e l o c i t y  i s  
i l l u s t r a t e d  i n  t h e  model embankment shown i n  F i g u r e  9A-5. The model 
s t u d y  was r e p o r t e d  by Simons and Lewis (1971) .  For  t h e  c a s e  shown i n  
F igure  9A-5 t h e  a n g l e  between t h e  h o r i z o n t a l  and v e l o c i t y  v e c t o r  a t  
p o i n t  P i s  

A method of  computing t h e  s t r e a m l i n e s  and v e l o c i t i e s  around a n  embank- 
ment end i s  p r e s e n t e d  by Lewis (1972) .  If  drawdown through t h e  b r i d g e  
i s  l a r g e ,  r e f e r e n c e  v e l o c i t y  v  i n  t h e  v i c i n i t y  of r i p r a p  can be  a s  r 
l a r g e  a s  6 f p s .  

Suppose t h a t  r e f e r e n c e  v e l o c i t y  i s  

v  = 6 f p s  r 

F igure .9A-5 .  Flow around a n  embankment end .  



and embankment s i d e  s l o p e  a n g l e  i s  

0 = 18.4O 

which cor responds  t o  a  3 : l  s i d e  s l o p e .  I f  t h e  embankment i s  covered 
w i t h  dumped rock o f  s p e c i f i c  weight S = 2.65 and e f f e c t i v e  rock s i z e  

S 
D = 1.0  f t ,  t h e  s a f e t y  f a c t o r  i s  determined i n  t h e .  f o l l o w i n g  manner. 

From Equat ion 9A-57 
'7 

This  dumped rock  has  an  a n g l e  of repose  o f .  approx imate ly  35' 
accord ing  t o  P i g u r e  9A-9. There fore ,  

- 1 cosA ) = t a n  - 1 fi = t a n  
cos  20° 

'2 s i n e  + ' 2 s i n  18.4O + sin 
= 11° 

rl t an$  0.203 t a n  35' 

and 

The s a f e t y  f a c t o r  f o r  t h e  rock i s  g iven  by 

S .F .  = cos0 t a n $  - - cos  18.4O t a n  35O 
~ ' t a n q  + s i n e  cos$ 0.154 t a n  35' + s i n  18.4' cos  11° = 1.59 

Thus, w i t h  a  s a f e t y  f a c t o r  of 1 .59  t h i s  rock i s  more t h a n  adequa te  t o  
w i t h s t a n d  t h e  flow v e l o c i t y .  

By r e p e a t i n g  t h e  above c a l c u l a t i o n s  over  t h e  range of i n t e r e s t  f o r  
D (wi th  4 = 35O), t h e  curve given i n  F i g u r e  9A-6 i s  de te rmined .  T h i s  
curve  shows t h a t  i n c i p i e n t  motion rock  s i z e  i s  approx imate ly  0.35 f t  and 
t h a t  t h e  maximum s a f e t y  f a c t o r  i s  l e s s  t h a n  2 .0  on t h e  3 :  1 s i d e  s l o p e .  

0 - 5  1 . 0  1 . 5  2 .0  2 . 5  3.0 

E f f e c t i v e  rock diameter ,  D ,  i n  f t  

P i g u r e  9A-6. S a f e t y  f a c t o r s  f o r  v a r i o u s  rock s i z e s  on a  s i d e  s l o p e .  



The s a f e t y  f a c t o r  of a  p a r t i c u l a r  s i d e  s l o p e  r i p r a p  d e s i g n  can be  
i n c r e a s e d  by d e c r e a s i n g  s i d e  s l o p e  ang le  0 .  I f  s i d e  s l o p e  a n g l e  i s  
decreased t o  z e r o  t h e n  

The curve i n  F i g u r e  9A-7 r e l a t e s  t h e  s a f e t y  f a c t o r  and s i d e  s l o p e  a n g l e  
of t h e  embankment ( f o r  A = 20°, D = 1 . 0  f t  and vr = 6.0 f p s ) .  

9 A . 5  DESIGN A I D  FOR SIDE SLOPE RIPRAP 

When v e l o c i t y  a long  a  s i d e  s l o p e  has  a  downslope component, s i z i n g  
of r i p r a p  i s  accomplished by employing complex e q u a t i o n s  g iven  i n  a n  
e a r l i e r  c h a p t e r .  An example of s i z i n g  r i p r a p  u s i n g  t h e s e  e q u a t i o n s  i s  
g iven  i n  a  fo l lowing  s e c t i o n .  When t h e  v e l o c i t y  a long  a s i d e  s l o p e  has  
no downslope component i . e . ,  t h e  v e l o c i t y  v e c t o r  i s  a long  the h o r i -  
z o n t a l ,  some s imple  d e s i g n  a i d s  can be developed. 

- 
A = 200 
D = 1.0 f t  
v, = 6.0 fps 

- 

- 

1 I I I 

Side  s l o p e  ang le ,  8, i n  deg, 

F i g u r e  9A-7. S a f e t y  f a c t o r s  f o r  v a r i o u s  s i d e  s l o p e s .  

For  h o r i z o n t a l  flow a long  a  s i d e  s l o p e  t h e  e q u a t i o n s  r e l a t i n g  
s a f e t y  f a c t o r ,  s t a b i l i t y  number, s i d e  s l o p e  a n g l e ,  and a n g l e  of repose  
f o r  t h e  rock a r e  

r. .-, 
sL - ( S . F . l L  

r l = l m  1 C O S ~  
(S .F . )  S: 

and 



Interrelation of variables in these two equations is represented in 
Figure 9A-8. Here specific weight of the rock is assumed 2.65 and a 
safety factor of 1 . 5  is employed. 

Recommended safety factor for the design of riprap is 

S . F .  = 1 . 5  

This recommendation is the result of studies of riprap embankment model 
data obtained by Lewis. These studies were reported by Simons and Lewis 

Side slope angle, 8, deg. 

Figure 9A-8. Stability factors for a 1.5  safety factor for 
horizontal flow along a side slope. 

The curves in Figure 9A-8 are computed in the following manner. 

1 .  An angle of repose is selected e.g., 

cP = 45O 

2 .  Side slope angle is then selected e.g., 

9 = 25O 

3. S is computed from Equation 9A-68, m 

S = tan 45O = 2 - 1 4  
m tan 25O 

4. Then q is computed from Equation 9A-67 with S.F. = 1.5  



5.  The above s t e p s  a r e  repea ted  f o r  t h e  f u l l  range of i n t e r e s t  
f o r  4 and 0 .  

I n  a  d e s i g n  problem s i d e  s l o p e  a n g l e  i s  known and a n g l e  o f  repose  
can be  e s t i m a t e d  (F igure  9 A - 9 ) .  With t h e s e  v a l u e s  t h e  s t a b i l i t y  f a c t o r  
i s  ob ta ined  from F i g u r e  9 A - 8 .  For example i f  

and 

Mean Diameter, mm 

0 . 3  I 2 4 10 20  40 60 100 200 400 6CO 
4 5  1 I I 1 I I I I 1 I I I I :  I 

a 
., 
a ,  

l - I : I- 4 
2 w 

3 - - l:lr 
r( 

0 Rounded 
b~ A= Rounded and Angular  
$! Angular 

- I 2  

2 5 
'- 0 .01  0.1 1.0 10 

Mean Diameter, i n .  

F igure  9A-9. Angle of repose .  

t h e n  

I f  t h e  s h e a r  s t r e s s  on t h e  s i d e  s l o p e  i s  known, 



I n  t h i s  example i f  

to = 2 p s f  

t h e n  

I f  t h e  r e f e r e n c e  v e l o c i t y  on t h e  s i d e  s l o p e  i s  known, t h e n  (from 
Equat ion 98-57)  

I n  t h i s  case, i f  

v = 6 f p s  r 

I f  average  v e l o c i t y  V and dep th  y a r e  known, more d e s i g n  a i d s  
shou ld  be  p repared  from Equat ions  9A-60 an8 9A-61.  

9A.6  FILTER DESIGN 

Requirements f o r  a g r a v e l  f i l t e r  were g iven  i n  an e a r l i e r  l e c t u r e .  
Grada t ion  o f  a f i l t e r  should  be such t h a t  

and 

D15 ( F i l t e r )  

D85(Base) 
< 5 



F i l t e r  Design Example 1 

Consider ing a  r i p r a p  b l a n k e t  r e s t i n g  on b a s e  m a t e r i a l  and t h e  
p r o p e r t i e s  o f  r i p r a p  and base  m a t e r i a l  (Table 9A-4), a  f i l t e r  should  be  
des igned t o  be p l a c e d  between t h e  r i p r a p  and base  m a t e r i a l .  

Table  9 A - 4 .  S i z e s  of m a t e r i a l s .  

Base M a t e r i a l  
Sand 

Rip r a p  
Gravel  

D,, = 0 .38  mm D , , =  6mm 

I n  accordance w i t h  t h e  recommended s i z e s  f o r  f i l t e r s ,  it should b e  no ted  
t h a t  

which s a t i s f i e s  e x p r e s s i o n  9A-70. Also 

which s a t i s f i e s  t h e  requirement  9A-71. Moreover 

which s a t i s f i e s  t h e  requirement  9A-72. Riprap i t s e l f  s a t i s f i e s  t h e  
requirements  f o r  f i l t e r  s o  no f i l t e r  i s  needed. 

F i l t e r  Design Example 2 

The fo l lowing  f i l t e r  des ign  i s  t a k e n  from Anderson (1968). 
P r o p e r t i e s  of b a s e  m a t e r i a l  and r i p r a p  a r e  given i n  Table 9A-5. 

Table  9A-5. S i z e s  of m a t e r i a l s .  

Base M a t e r i a l  
Sand 

Rip r ap  
Rock 



The r i p r a p  does n o t  c o n t a i n  s u f f i c i e n t  f i n e s  t o  a c t  a s  t h e  f i l t e r  
because  

which i s  much g r e a t e r  t h a n  5 ,  t h e  recommended upper l i m i t  ( e x p r e s s i o n  
9A-72). Also 

DI5  (Riprap) 
- loo = 600 - -  

D15 (Base) 0 .17 

which i s  much g r e a t e r  t h a n  40,  t h e  recommended upper l i m i t  ( e x p r e s s i o n  
9A-71). 

P r o p e r t i e s  of t h e  f i l t e r  t o  be p laced  adjacen. t  t o  t h e  b a s e  a r e  a s  
f  01 lows 

D50(Fi l t e r )  

D5 (Base 
< 40 

t h e r e f  o r e  

D S 0 ( F i l t e r )  < (40) ( 0 . 5 )  = 20 mm 

D15 ( F i l t e r )  

D15 (Base) 
< 40 

t h e r e f o r e  

D, ,  ( F i l t e r )  

t h e r e f o r e  

D, , ( F i l t e r )  

t h e r e f o r e  

Thus, w i t h  r e s p e c t  t o  t h e  base  

0 .85  rnm < D15(Fi l t e r )  < 6 . 8  mm 

and D 5 0 ( F i l t e r )  < 20 mm 

P r o p e r t i e s  of t h e  f i l t e r  t o  be p laced  a d j a c e n t  t o  t h e  r i p r a p  a r e  a s  
~ O ~ ~ O W S  



D50 (Riprap)  

D g 0 ( F i l t e r )  < 40 

t h e r e f o r e  
200 D ( F i l t e r )  > - = 5 mm 

5  0  40 

t h e r e f o r e  
100 D I 5 ( F i l t e r )  < - = 20 nun 
5 

A J 

D15 ( F i l t e r )  < 40 

t h e r e f o r e  

D15 (Rip rap)  

Ds5 ( F i l t e r )  < 5 

t h e r e f o r e  
100 D ( F i l t e r )  > - = 20 mm 8 5  5  

Thus, w i t h  r e s p e c t  t o  t h e  r i p r a p ,  t h e  f i l t e r  must s a t i s f a y  t h e s e  
requirements  

These r i p r a p  f i l t e r  requirements  a long w i t h  t h o s e  f o r  b a s e  m a t e r i a l  a r e  
shown i n  F igure  9A-10. Any f i l t e r  w i t h  s i z e s  ' r e p r e s e n t e d  by double 
cross-hatched a r e a  i s  s a t i s f a c t o r y .  For  example, a  good f i l t e r  could  
have t h e s e  s i z e s  

Ds5 = 40 mm 

D50 = 10 mm 

DI5 = 4 mm 

9A.7 STRAUB'S EQUATION FOR CLEAR-WATER SCOUR 

Consider  t h e  long c o n t r a c t i o n  shown i n  F i g u r e  9A-11. I n  t h e  wide 
approach r e a c h  a t  t h e  c r o s s  s e c t i o n  des igna ted  S e c t i o n  1, average  
v e l o c i t y  i s  V average dep th  of f low i s .  y l ,  and width  i s  W1. Flow- 
r a t e  a c r o s s  ~ e s i o n  1 i s  



P a r t i c l e  s i z e ,  mm 

F igure  9A-10. Gradations of f i l t e r  b lanket  f o r  examples 2  
( a f t e r  Anderson e t  a l . ,  1968). 

I n  t h e  cont rac ted  reach a t  t h e  c ros s  s e c t i o n  designated Sec t ion  2 ,  t h e  
average v e l o c i t y  i s  V2 , flow depth i s  y2,  and width i s  W2. Flow- 
r a t e  across  Sec t ion  2 i s  

For a  given f lowra te  Q and a  given con t r ac t ion  r a t i o  W2/W1, depth 
r a t i o  y2/yl should be determined f o r  a c lear -water  scour  case .  

F igure  9A-11. Plan view of t h e  long con t r ac t ion .  



I n  t h e  c l e a r - w a t e r  scour  c a s e ,  t h e r e  i s  no t r a n s p o r t  i n  t h e  wide 
upstream s e c t i o n .  Shear  s t r e s s  i s  l e s s  t h a n  c r i t i c a l  s h e a r  s t r e s s  ( t h e  
s h e a r  s t r e s s  caus ing  i n i t i a l  movement o f  bed p a r t i c l e s ) .  Tha t  i s ,  

Here S  i s  s l o p e  of t h e  energy grade l i n e  a t  S e c t i o n  1. 

Assume f o r  t h e  t ime be ing  t h a t  s c o u r  o c c u r s  i n  t h e  long  
c o n t r a c t i o n .  Scour w i l l  con t inue  u n t i l  bed s h e a r  stress i n  t h e  long  
c o n t r a c t i o n  h a s  been reduced t o  c r i t i c a l  s h e a r  s t r e s s .  Then, a t  
S e c t i o n  2  

When t h i s  c o n d i t i o n  i s  reached t h e r e  i s  no l o n g e r  sediment  t r a n s p o r t  a t  
S e c t i o n  2 .  Also,  t h e r e  i s  no sediment t r a n s p o r t  a t  S e c t i o n  1 
( I  < t ) .  Hence t h e  term c l e a r - w a t e r  scour  i s  employed. 

By u t i l i z i n g  Equat ions  9A-75 and 9A-76, t h e  dep th  r a t i o  i s  

Manning's e q u a t i o n  can be employed t o  de te rmine  t h e  f r i c t i o n  s l o p e  
r a t i o .  Accordingly 

V e l o c i t y  r a t i o  V1/V2 i s  ob ta ined  by e q u a t i n g  Equa t ions  9A-73 and 9A-74 

( c o n s t a n t  d i s c h a r g e )  o r  

By p u t t i n g  t h i s  r a t i o  i n t o  Equat ion 98-79 t h e  e x p r e s s i o n  



Flow direcl ion - 

Figure  9A-12. Zones of f a i l u r e ' o n  r iprapped embankments. 



i s  ob ta ined  f o r  c lea r -wate r  scour .  I f  i t  i s  assumed t h a t  

"1 = "2 

t h e n  Equat ion 9A-81 reduces  t o  

which is  t h e  form of 

S t r a u b  (1940).  

L 
C 

t h e  c l e a r - w a t e r  

9A.8 DETERMINATION OF FLOW PARAMETERS 

(9A-82) 

s c o u r  e q u a t i o n  f i r s t  developed by 

ON AN EMBANKMENT 

To app ly  t h e  e q u a t i o n s  p r e s e n t e d  ir, t h e  p r e v i o u s  s e c t i o n  on t h e  
d e s i g n  r i p r a p  bank p r o t e c t i o n ,  t h e  f low paramete rs  TO , V r  , Vs O r  

V , and A must be  e v a l u a t e d .  Lewis (1972) developed a n  a n a l y t i c a l  
model f o r  d e t e r m i n a t i o n  of t h e  complete v e l o c i t y  and d e p t h  d i s t r i b u t i o n  
i n  t h e  v i c i n i t y  of embankments b u t  a p p l i c a t i o n  o f  t h i s  method i s  
complex. Lewis p o i n t e d  o u t ,  based on t h e  model and a n a l y t i c a l  s t u d i e s ,  
t h a t  i n i t i a l  l o s s e s  o f  t h e  r i p r a p  p r o t e c t i o n  occur  a t  one o r  b o t h  zones 
on t h e  embankment. One zone i s  n e a r  t h e  f low s e p a r a t i o n  p o i n t  l o c a t e d  
approximately  a t  midway around t h e  upstream s p i l l - s l o p .  The o t h e r  i s  
a long  t h e  embankment t o e  through t h e  c o n s t r i c t i o n .  Riprap l o s s e s  
i n i t i a l l y  occur red  on t h e  upstream s p i l l - s l o p e  f o r  s m a l l  c o n s t r i c t i o n s  
(Ah/L i s  smal l )  and a long  t h e  embankment t o e  f o r  t h e .  s e v e r e  c o n s t r i c -  
t i o n s  (AhlL i s  l a r g e )  a s  shown i n  F i g u r e  9A-12. Here Ah is t h e  drop 
i n  wa te r  s u r f a c e  e l e v a t i o n  through t h e  b r i d g e  opening and L  i s  t h e  
h o r i z o n t a l  d i s t a n c e  shown i n  F i g u r e  9A-13 w i t h  w = 45 deg;  

For  d e s i g n  purposes ,  e s t i m a t i o n  of v e l o c i t i e s  and d e p t h s  i n  t h e  
e n t i r e  b r i d g e  c r o s s i n g  i s  n o t  n e c e s s a r y .  I t  i s  adequa te  t o  de te rmine  
r i p r a p  requirements  f o r  t h e  most hazardous  zones s u b j e c t  t o  f a i l u r e .  
Then t h i s  r i p r a p  i s  used t o  p r o t e c t  t h e  e m b a n b e n t .  Flow paramete rs  f o r  
de te rmin ing  r e q u i r e d  r i p r a p  a t  midway around t h e  upst ream s p i l l - s l o p e  
and a long  t h e  embankment t o e  through t h e  c o n s t r i c t i o n  a r e  determined 
below. S i z e s  o f  r i p r a p  r e q u i r e d  t o  produce a  s a f e t y  f a c t o r  o f  1 . 5  a t  
those two p o s i t i o n s  a r e  computed and l a r g e r  s i z e  rock  i s  chosen f o r  
embankment p r o t e c t i o n .  

Determinat ion of Flow Parameters  a t  t h e  Embankment Toe 

Flow a t  t h e  t o e  of t h e  embankment i s  approximately  h o r i z o n t a l  and 
p a r a l l e l  t o  s i d e  s l o p e  ( F i g u r e  9A-13). For  d e s i g n  purposes  i t  i s  
assumed t h a t  A = 0 deg. ~ e ~ t h - a v e r a g e d  flow v e l o c i t y  a t  t h e  two Vt 
i s  r e l a t e d  t o  depth-averaged v e l o c i t y  a t  t h e  vena c o n t r a c t a  Vd b y  t h e  
curves  i n  F i g u r e  9A-14. The q u a n t i t y  Vd i s  found u s i n g  t h e  e x p r e s s i o n  



Region to be 
protected by the 
r iprap of calculated 
size 

kment 

F i g u r e  9A-13. Flow around a  s p i l l - t h r o u g h  embankment nose .  

where ct and V1 a r e  v e l o c i t y  head c o r r e c t i o n  c o e f f i c i e n t  and mean 
v e l o c i t y  i n  t h e  channel  a t  t h e  upstream s e c t i o n  of maximum backwater ,  
r e s p e c t i v e l y  and Ah i s  t o t a l  wa te r  s u r f a c e  drop th rough  t h e  b r i d g e  
opening computed by t h e  method recommended by t h e  F e d e r a l  Highway 
Admin is t ra t ion  (1970).  Q u a n t i t y  L  i n  F i g u r e  9A-13 i s  e s t i m a t e d  from 
geometry o f  embankment, s t a g e  a t  maximum backwater s e c t i o n  h l ,  and 

w a t e r  s u r f a c e  drop Ah. V e l o c i t y  a t  t h e  t o e  v e l o c i t y  i s  t h e n  found from 
F i g u r e  A14. 

De te rmina t ion  o f  Flow Parameters  Midway Around t h e  Upstream S p i l l - S l o p e  

Depth-averaged v e l o c i t y  midway around t h e  upstream s p i l l - s l o p e  V 
( F i g u r e  9A-13) i s  r e l a t e d  t o  vena c o n t r a c t a  v e l o c i t y  Vd and can be 
determined f o r  given v a l u e s  of  V and Ah/L u s i n g  t h e  r e l a t i o n  i n  
F i g u r e  9A-14. The a n g l e  between t g e  v e l o c i t y  v e c t o r  and t h e  h o r i z o n t a l  
l i n e  A i s  g iven  i n  F i g u r e  9A-15. 

A a ~ l i c a t i o n  and L i m i t a t i o n s  

A f t e r  v a l u e s  o f  Vt , V p ,  and A a r e  e s t i m a t e d  from F i g u r e s  9A-14 . 
and 9A-15, t h e  r i p r a p  s i z e s  f o r  a  g iven  s a f e t y  f a c t o r  a r e  determined a t  
t h e  t o e  and midway around t h e  upstream s p i l l - s l o p e  by employing 
Equa t ions  9A-60 and 9A-61. Q u a n t i t y  y  i n  Equa t ion  9A-61 i s  t h e  l o c a l  

0 



f low dep th .  The l a r g e r  o f  t h e  two c a l c u l a t e d  r i p r a p  s i z e s  shou ld  be  
used f o r  embankment p r o t e c t i o n .  

'1 Lewis 
' 
(1972) model data 

0 
is (1972) model data 

0 

8 

\"t ' "d 

F i g u r e  9 A - 1 4 .  R e l a t i o n  between r e l a t i v e  v e l o c i t i e s  

- 

I 

0 '  I I I I I 

0 0.02 0.04 0.06 0.08 0.10 0.12 
Ah / L  

F i g u r e  . 9 A - 1 5 .  R e l a t i o n  between A a t  midway around t h e  
upstream s p i l l - s l o p e  and t h e  drop r a t i o .  

- 
and t h e  drop r a t i o .  

40  

3 5 -  
o l e w i s ' ( l 9 7 2 )  model data 



The d e s i g n  p rocedure  given above has  been a p p l i e d  t o  Lewis '  model 
d a t a .  I t  was found t h a t  t h e  procedure  r e s u l t e d  i n  a  b u i l t - i n  s a f e t y  
f a c t o r  of approximately  1 . 2 .  However, t h e  l a r g e r  s a f e t y  f a c t o r  of 1 . 5  
i s  recommended f o r  embankments t o  a l low f o r  e r r o r  i n  h y d r a u l i c  p r e d i c -  
t i o n s  and f o r  unknown s c a l e  e f f e c t s  which may e x i s t  i n  t h e  models.  

The r e g i o n  around t h e  embankment nose r e q u i r i n g  c a l c u l a t e d  r i p r a p  
p r o t e c t i o n  i s  shown i n  F i g u r e  9A-13. Angle w v a r i e s  a c c o r d i n g  t o  t h e  
r e l a t i o n  g iven  i n  Tab le  9A-6. The o t h e r  r e g i o n  o f  t h e  embankment may be 
p r o t e c t e d  by a  s m a l l e r  s i z e  r i p r a p  t h a n  t h e  c a l c u l a t e d  one.  A method 
f o r  computing t h i s  s i z e  i s  g iven by Simons and Lewis (1971) .  

Tab le  9A-6. Terminat ion a n g l e  f o r  r i p r a p  p r o t e c t i o n .  

w degrees  

F i g u r e s  9A-14 and 9A-15 a r e  developed from model d a t a  on 
s p i l l - t h r o u g h  embanlunents normal t o  t h e  f low and r e q u i r e  m o d i f i c a t i o n s  
when a p p l i e d  t o  o t h e r  t y p e s  'of embankments. 
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Chapter 10 

UTILIZATION OF HYDROLOGIC INFORMATION SYSTEM 

10.1 INTRODUCTION 

H i s t o r i c a l  records a r e  the  most important source of da t a  i n  s t u d i e s  
of phys i ca l  systems. This i s  p a r t i c u l a r l y  t r u e  i n  t h e  case  of r i v e r  
bas in  s t u d i e s  where a  r i v e r  i s  composed of numerous i n t e r a c t i n g  n a t u r a l  
and man-influenced phys ica l  processes .  A r i v e r  i n  t u r n  in f luences  t h e  
s o c i a l  and economic base of i t s  r i v e r  b a s i n  community by se rv ing  a s  a  
t r a n s p o r t a t i o n  rou te ,  providing water f o r  domestic,  a g r i c u l t u r a l  and 
i n d u s t r i a l  u ses ,  s e rv ing  a s  a  r e c r e a t i o n  s i t e ,  providing hydropower 
genera t ion ,  and func t ioning  a s  a  f lood  water dra inage .  The va lue  of 
h i s t o r i c a l  da t a  depends g r e a t l y  on t h e  a v a i l a b i l i t y  of da t a  management 
techniques f o r  e x t r a c t i n g  t h e  l a r g e s t  amount of u se fu l - in fo rma t ion  f o r  
so lv ing  p a r t i c u l a r  problems. A r i v e r  bas in  manager and p lanner  dea l ing  
wi th  complex systems and t h e i r  a s soc i a t ed  problems must view da ta  
management a s  a  s e t  of i n t e r a c t i n g  components such a s  da t a  a c q u i s i t i o n ,  
da t a  s to rage  and r e t r i e v a l ,  and da ta  process ing  and u t i l i z a t i o n .  The 
block diagram i n  F igure  10-1 summarizes t h e  r e l a t i o n s h i p s  between these  
components. Following a r e  t h e  bas i c  s t e p s  i n  t h i s  information flow 
diagram. 

Data Co l l ec t ion  

The requi red  da t a  can be c o l l e c t e d  from many d i f f e r e n t  sou rces ,  
both i n t e r n a l  and e x t e r n a l  t o  t h e  organiza t ion .  To i n s u r e  a g a i n s t  
c o l l e c t i n g  redundant d a t a ,  t h i s  t a s k  should be de lega ted  t o  one da t a  
c o l l e c t i o n  group. 

Data Reduction and Ca te io r i za t ion  

Many f i e l d  observat ions become use fu l  only when proper ly  
t r a n s c r i b e d .  Accurate da t a  r equ i r e  ca re  through a l l  p rocess ing  s t e p s  
such a s  da t a  annota t ion ,  t a b u l a t i o n  and s o r t i n g .  These c o n s t i t u t e  t h e  
b a s i c  func t ions  of t h e  da ta  reduct ion  and c a t e g o r i z a t i o n  t a s k .  

Data Encoding and V e r i f i c a t i o n  

This  t a s k  aims a t  minimizing t h e  e r r o r s  which can e n t e r  i n t o  t h e  
d a t a .  A l l  da t a  must be encoded t o  a  form which can be used by t h e  
computer. Data v e r i f i c a t i o n  can then  be c a r r i e d ,  ou t  through p l o t t i n g ,  
automatic  sc reening ,  o r  s t a t i s t i c a l  a n a l y s i s .  This  s t e p  i s  extremely 
c r i t i c a l  s i n c e  t h e  r e s t  o f '  t h e  information system w i l l  assume c lean  and 
accu ra t e  da t a  e x i s t s .  

The da t a  encoding and v e r i f i c a t i o n  t a s k  c o n s t i t u t e s  t h e  f i n a l  s t a g e  
of t h e  Data Acquis i t ion  process .  

Data Base Organizat ion 

This t a s k  i s  concerned wi th  the  design of a  s to rage  system which i s  
l o g i c a l l y  s t r u c t u r e d  t o  phys i ca l ly  s t o r e  t h e  c o l l e c t e d  data'. The goa l  
of t h i s  s t e p  i s  t o  minimize t h e  turnaround time and c o s t  i n  acqu i r ing  
t h e  necessary da t a  from d i f f e r e n t  sources .  
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Figure 10-1. Relationship between data collection, processing 
and utilization. 



Data Base ~ a n a ~ e m e n t  System Design 

A da t a  base management system (DBMS) i s  a  computer program package 
which a s s i s t s  u se r s  i n  r e t r i e v a l  and a n a l y s i s  of t h e  requi red  da t a  s e t .  

The da t a  base and DBMS a r e  two elements of t h e  Data Storage and 
R e t r i e v a l  System. 

Applicat ion Data F i l e s  Organization 

Each of t h e s e  f i l e s  conta ins  a  s p e c i f i c  type of information t h a t  i s  
r e t r i e v e d  from t h e  da t a  base and processed by t h e  DBMS f o r  use i n  a  
p a r t i c u l a r  a p p l i c a t i o n  such a s  r i v e r  bas in  s imu la t ion ,  a n a l y s i s ,  o r  
planning.  

Command Model 

This  i s  t h e  l i n k  between t h e  a p p l i c a t i o n  da t a  f i l e s  and t h e  va r ious  
r i v e r  system component models. I t  determines t h e  o rde r  of computation 
based on t h e  use r  s e l e c t e d  opt ions  and t r a n s f e r s  t h e  information from 
one component model t o  t h e  o t h e r .  

System Component Models 

Each model i n  t h i s  group r ep resen t s  one component process  of t h e  
r i v e r  system dynamics, o r  t he  s imula t ion  of one p a r t i c u l a r  management 
scheme i n  t h e  bas in .  

The number of app l i ca t ion  da t a  f i l e s  and t h e i r  formats ,  t h e  
s t r u c t u r e  of t h e  command model and of t he  va r ious  system component 
models a r e  g r e a t l y  a f f e c t e d  by t h e  design c r i t e r i a  of t h e  information 
sys  tem. 

I n  t h e  subsequent s e c t i o n s ,  b a s i c  concepts used i n  t h e  design of a  
d a t a  s to rage  and r e t r i e v a l  system w i l l  be descr ibed  and t h e  a c t u a l  
implementation of t hese  concepts t o  t he  design of t h e  Yazoo Data Storage 
and Re t r i eva l  System f o r  r i v e r  system a n a l y s i s  w i l l  be d iscussed .  

10.2 DATA STORAGE 

Storage Mode 

There a r e  many ways t o  s t o r e  h i s t o r i c a l  da t a  inc luding  c h a r t s ,  
maps, microfilm and microfiche,  computer ca rds ,  and magnetic recording 
devices .  Because of t h e  l a r g e  volume of da t a  t h a t  i s  requi red  t o  
desc r ibe  a r i v e r  system, a  da ta  s to rage  and r e t r i e v a l  methodology is  
needed t h a t  w i l l  minimize the  e f f o r t  of c r e a t i n g ,  access ing ,  and up- 
da t ing  such a  l a r g e  da ta  bank. Table 10-1 gives a  comparison of some 
da ta  s to rage  devices  t h a t  a r e  a v a i l a b l e  f o r  use .  The f i r s t  approach of 
providing d i g i t i z e d  information f o r  t h e  computer i s  t o  record and s t o r e  
da ta  on punched ca rds .  A second approach i s  t h e  combined use of 
magnetic t ape  and permanent f i l e s .  The t h i r d  approach i s  t h e  use of 
disc-pack s to rage  u n i t s .  As Table 10-.1 i n d i c a t e s ,  t h e  use of t h e  
magnetic tape-permanent f i l e  devices  i s  l e s s  c o s t l y ;  more r e l i a b l e ,  and 
e a s i e r  t o  use than  the  card s to rage  approach. 



Table 10-1. Comparison of cards, magnetic tape--permanent file data storage devices. 

System 
of S to rage  Cost  R e t r i e v a l /  

S torage  per  2000 card  images p e r  2000 c a r d  images R e l i a b i l i t y  Updating P roces s ing  

Poor: Poor: Poor: - Poor:  - Poor: - - 
Cards 

1 box = 160,000 $3.75 p e r  2000 ca rds  Cards d e t e r i o r a t e  w i t h  Hanual upda t ing  Time consuming. 
cha rac t e r s  box, o r  t ime and use .  r e q u i r e s  l a r g e  Manual r e t r i e v a l  o f  d a t a  

$375. p e r  100 boxes P o s s i b i l i t y  o f  unauthor-  amounts of man hours  w i th  no p r o v i s i o n  f o r  
i z e d ,  o r  i n c o r r e c t  changes p o s s i b i l i t y  of e r r o r s  p roces s ing  

Hard t o  s t o r e  i n  d a t a  

1 t ape  = 120 boxes Tape: $12.00 pe r  - Good : 
Tape of cards t a p e  

E x c e l l e n t :  

Limi t  a c c e s s  t o  master  Svstem a l lows  f o r  
t a p e .  More 
t a p e  can be 
a  backup 

E x c e l l e n t :  

Both human and computer 
than one q u i c k l y  upda t ing  d a t a  t lme e f f i c i e n t  r e t r i e v a l ,  
c r e a t e d  a s  d i r e c t l y  w i th  p r o v i s i o n s  f o r  proces-  r 

s i n g  d a t a  i n  a  number of 0 
I 

ways. Data t a p e  can be C- 
q u i c k l y  searched f o r  
neces sa ry  d a t a .  Small  
s t o r a g e  space  requirement .  
Approximately f i v e  t imes  
f a s t e r  t h a n  r ead ing  ca rds  



I f  l a r g e  amounts of s to rage  a r e  needed beyond t h a t  provided by a  
magnetic tape-permanent f i l e  system, a  disc-pack s to rage  device may be  
t h e  b e s t  approach. Table 10-2 l i s t s  comparisons and approximate c o s t s  
of magnetic tape-permanent f i l e  devices  and disc-pack s to rage  devices .  
As the  t a b l e  i n d i c a t e s ,  i f  a  l a r g e ,  hea"ily-used da t a  base i s  needed, 
then  t h e  d i sc - s to rage  device i s  probably t h e  b e s t  approach t o  da t a  
s to rage .  U n t i l  t h a t  time the  magnetic tape-permanent f i l e  approach i s  
t h e  b e s t .  

Handling and Storage  of Magnetic Tape 

Since increased  q u a n t i t i e s  of hydrologic da t a  a r e  be ing  s t o r e d  on 
magnetic computer t ape ,  t h e  permanence and r e c o v e r a b i l i t y  of t h i s  v i t a l  
da t a  a r e  important .  I f  da ta  s to red  on magnetic t a p e  a r e  unrecoverable  
because of improper procedures o r  improper s t o r a g e ,  t h e  r e s u l t  could 
range from temporary inconvenience t o  complete f a i l u r e  of a research  
program. 

The a rea  i n  which t h e  tape  i s  used should approach, a s  c l o s e l y  a s  
i s  p r a c t i c a b l e ,  a  clean-room environment, which does not  have a i rbo rne  
d u s t  and l i n t .  Air-condit ioning f i l t r a t i o n  systems a r e  a v a i l a b l e  f o r  
t h i s  c leaning .  

The work a rea  should be designed t o  c o n t r o l  temperature and 
humidity.  Var ia t ions  of temperature should remain wi th in  25' F (21° C)  
and a  r e l a t i v e  humidity of about 40 percent  a r e  s u i t a b l e .  

Smoking should not  be allowed because ashes can contaminate t h e  
t ape .  Food and d r ink  should be p roh ib i t ed .  Minute food p a r t i c l e s  can 
be t r ansmi t t ed  e a s i l y  t o  t h e  t ape  and t ape  t r a n s p o r t s  from t h e  
opera t o r '  s hands. 

Tape Storage  

The hub i s  t h e  s t r o n g e s t ,  most s t a b l e  p a r t  of t h e  r e e l .  Ree ls  
should be handled by t h e i r  hubs, and i n  s to rage  they should be supported 
by t h e i r  hubs. Therefore,  t h e  r e e l  should be re turned  t o  i t s  c a n i s t e r  
before  being s to red .  The c a n i s t e r  a l s o  g ives  p r o t e c t i o n  from d u s t .  For 
long-term s to rage ,  a d d i t i o n a l  p r o t e c t i o n  from d u s t  and moisture can be  
gained by s e a l i n g  t h e  c a n i s t e r  i n  a  p l a s t i c  bag. 

To s t o r e  more t ape  i n  a  given area  (reducing s to rage  c o s t  pe r  
u n i t ) ,  a  p l a s t i c  r i n g  o r  c o l l a r  may be used t h a t  wraps around t h e  o u t e r  
diameter of t h e  r e e l .  This  allows t h e  r e e l  t o  be hung i n  t h e  s t o r a g e  
f a c i l i t y  without  t h e  use of a  s tandard  c a n i s t e r .  

Qual i ty  of wind i s  a l s o  important .  A smooth wind o f f e r s  b u i l t - i n  
edge p r o t e c t i o n .  Tapes i n  s to rage  should be rewound a t  s p e c i f i c  
i n t e r v a l s ,  such a s  every 6 t o  12 months, t o  rel i .eve i n t e r n a l  p re s su re s .  
Modern t apes  wi th  po lyes t e r  backings and advanced b inde r s  may n o t  
r equ i r e  p e r i o d i c  rewinding. 



Table 10-2. Magnetic t a p e  permanent f i l e  and d i s c  s t o r a g e  comparison. 
- - -- 

Storage  Cost Access Remarks 

Magnetic tape-  19 m i l l i o n  c h a r a c t e r s  $12 p e r  t a p e  Unlimited when Good f o r  d a t a  bases  
Permanent f i l e  per  t a p e  p l u s  mounting p l aced  on permanent wi th  l i m i t e d  u s e r s  

f i l e  

Disc Pack 1 )  S i n g l e  Densi ty  Lease- Unlimited 
126 m i l l i o n  - $8800/year mu l t i acces s  
c h a r a c t e r s  un l imi ted  

2)  Double Densi ty  
224 m i l l i o n  
c h a r a c t e r s  

Lease- Unlimited - $10,000 y e a r  mu l t i acces s  

Limited Access 1 t o  4 hour t ime - $4-$5/hour b locks  p e r  day 
bo th  s i n g l e  and a s  con t r ac t ed  
double d e n s i t y  

Best  f o r  d a t a  bases  
w i th  many u s e r s  t h a t  
r e q u i r e  t h a t  informa- 
t i o n  be s t o r e d  on t h e  
more a c c e s s i b l e  d i s c s  
and no t  on t h e  l e s s  
a c c e s s i b l e  t a p e s  



Tape Handling 

The t ape  should be pro tec ted  while being t r anspor t ed .  A l l  incoming 
t ape  should be allowed t o  reach environmental equi l ibr ium before  being 
used. Tapes should remain i n  t h e i r  c a n i s t e r s  u n t i l  they  a r e  placed on 
the  t ape  d r i v e  and should be re turned  t o  t h e i r  c a n i s t e r s  immediately 
a f t e r  use .  

Empty r e e l s  should be inspected and cleaned thoroughly before  t ape  
i s  wound on them f o r  s to rage .  

A temperature g r e a t e r  than 130' F (54' C )  and a  r e l a t i v e  humidity 
above 85 pe rcen t  may cause l aye r - to - l aye r  adhesion and some phys i ca l  
d i s t o r t i o n .  

To prevent  f i r e ,  s t o r e  the  tape  i n  a  noncombustible a r ea  and make 
su re  t h a t  no combustible ma te r i a l s  a r e  s t o r e d  i n  t h e  v i c i n i t y .  

10 .3  BASIC CONCEPTS OF A COMPUTERIZED DATA BASE SYSTEM 

To the  t echn ic i ans  of da ta  base systems, a  da t a  base i s  a  
c o l l e c t i o n  of phys i ca l  records t h a t  a r e  s i m i l a r i l y  def ined  and se rve  a  
s i n g l e  genera l  a p p l i c a t i o n  purpose. Examples of phys i ca l  da t a  bases  a r e  
f i l e s  of p r e c i p i t a t i o n  d a t a ,  discharge d a t a ,  o r  r i v e r  s t a g e  da t a .  

The next  l e v e l  i n  da ta  base design is  t h e  d e f i n i t i o n  of t h e  l o g i c a l  
da t a  base i n  which c ross- re ferences  a r e  generated between phys i ca l  f i l e s  
so  t h a t  i nd iv idua l  da ta  need not  be dup l i ca t ed .  An example of such a  
l o g i c a l  da t a  base is  a  s tage-discharge r e l a t i o n s h i p  da t a  base  i n  which 
the  s tage-d ischarge  r e l a t i o n s h i p  a t  l o c a t i o n s  i n  t h e  r i v e r  a r e  c ross -  
referenced a g a i n s t  t h e  two phys ica l  f i l e s  mentioned above r i v e r  s t a g e  
and d ischarge  da t a  bases .  

A r e l a t i v e l y  simple da t a  base management system (DBMS) can handle 
t h i s  type of o rgan iza t ion ,  given appropr i a t e  design and suppor t .  When, 
however, a d d i t i o n a l  l e v e l s  of l o g i c a l  c ross - re ferenc ing  a r e  def ined ,  a  
pyramid-type s t r u c t u r e  r e s u l t s  t h a t  g r e a t l y  s t r a i n s  da t a  base 
performance and r equ i r e s  a  much more complex DBMS. 

Carefu l  s t r u c t u r i n g  of da ta  bases  is t h e  key. The fol lowing b a s i c  
gu ide l ines  can be used f o r  improving da t a  base performance: 

1. smal le r  f i l e s  can accommodate a  s p e c i f i c  da t a  management t a s k  
b e t t e r  than  a  complex master f i l e ,  

2.  a  l a r g e  b u t  seldom accessed da t a  segment should be segregated 
i n t o  a  s epa ra t e  f i l e  t o  reduce t h e  o v e r a l l  f i l e  s i z e  and. t o  
improve access  performance f o r  most processing t a s k s ,  and 

3 .  appropr i a t e  use of index and l inkage  can improve searching  and 
s o r t i n g  ope ra t ions .  

4 

The a c t i v i t i e s  e s s e n t i a l  f o r  da t a  base design can be  l i s t e d  a s  fol lows:  

1. appropr i a t e  d i s t r i b u t i o n  of t he  da t a  base s t r u c t u r e  ac ros s  
a c t u a l  da t a  f i l e s ,  



2.  an a c t i v i t y - o r i e n t e d  pos i t i on ing  of da t a  types  wi th in  t h e  da t a  
base s t r u c t u r e ,  

3. s p e c i f i c a t i o n  of i n t e r r eco rd  l inkage  tuned t o  processing 
requirements,  

4. c r e a t i o n  of i nd ices  t o  enhance access  t o  da t a  base records on 
t h e  b a s i s  of given keys, 

5.  s e l e c t i o n  of po in t e r  and l inkage  types ,  and 

6 .  s e l e c t i o n  of access  methods. 

I t  i s  s i g n i f i c a n t  t h a t  each item i n  t h i s  l i s t  involves a  choice between 
a l t e r n a t i v e s .  These choices must be based on a  c a r e f u l  ana, lysis  of t h e  
app l i ca t ions  f o r  which t h e  s t r u c t u r e  i s  intended.  

The concept of s t r u c t u r e  i s  c e n t r a l  no t  only t o  understanding t h e  
rendering of da t a  on s to rage  media but  t o  many a r e a s  of da t a  base th ink-  
ing i n  genera l .  A data  model aggregates  a l l  a c t u a l  and p o s s i b l e  
informational  i npu t s  and outputs  i n t o  a  comprehensive conceptual 
r ep re sen ta t ion .  A l l  d a t a  and, s i g n i f i c a n t l y ,  a l l  t h e i r  r e l a t i o n s h i p s  
a r e  captured by t h e  data  model. A data  s t r u c t u r e  i s  t h e  rendering of 
t h a t  da t a  model through the  Data Descr ip t ion  Language. (DDL) of a  DBMS. 
A s to rage  s t r u c t u r e  r e f e r s  t o  t h e  conf igura t ion  of da t a  a s  they  r e s i d e  
i n  an access  method. An access  method may be defined a s  any scheme used 
wi th in  a  s to rage  s t r u c t u r e  t o  s t o r e  o r  r e t r i e v e  records .  Following a r e  
some b a s i c  access  methods. 

Phys ica l ly  S e r i a l  Access 

This i s  t h e  most rudimentary of access  methods s i n c e  no re ference  
i s  made t o  record keys. In  phys i ca l ly  s e r i a l  acces s ,  records a r e  s to red  
(o r  r e t r i eved )  by v i r t u e  of t he  "nextf' phys i ca l  l o c a t i o n  on t h e  s to rage  
media. 

Phys ica l ly  s e r i a l  access  cha rac t e r i ze s  almost a l l  access  t o  
magnetic t ape  (whether o r  no t  records happen t o  be i n  s equen t i a l  o rde r )  
and i s  o f t e n  used i n  conjunction with o the r  access  methods on d i r e c t  
s torage  devices .  Phys ica l ly  s e r i a l  access  t o  a n  indexed-sequent ial  
f i l e ,  f o r  example, r e t r i e v e s  records i n  s equen t i a l  o rder .  

D i r ec t  Access 

In  t he  d i r e c t  access  method, record keys correspond one-to-one wi th  
phys ica l  addresses;  t h a t  i s ,  given a record key, access  i s  predetermined 
(whether f o r  s to rage  o r  f o r  r e t r i e v a l )  t o  a  unique s to rage  l o c a t i o n .  

A n  important f e a t u r e  of the  d i r e c t  access  method i s  t h a t  it 
obvia tes  t he  neces s i ty '  of looking i n  a  t a b l e  o r  index p r i o r  t o  record 
access ;  t he  phys ica l  l o c a t i o n  of t he  record i s  der ived d i r e c t l y  from the  
key i t s e l f .  



I Randomized Access 

Randomized access is similar to the direct access method in that 
storage locations are derived directly from record keys; it is dis- 
similar in that storage locations are not available on a one-to-one 
basis with possible key values. Instead, a transformation algorithm of 
some nature is used to map a large number of potential key values into a 
smaller number of available storage locations. The randomized method 
allows a tailoring of the file size to the expected number of records, 
without significant loss of access speed, because the record location is 
still derived from the key. 

Indexed Access 

In the indexed access method, an index consists of key values 
paired on a one-to-one basis with pointers to the indexed records. 
Various organizations are possible for the index itself; the most 
commonly used in DBMS is the indexed-sequential. 

In indexed-sequential organization, the indexed file and the index 
itself are both sequentially ordered on the basis of the same key field, 
usually called the primary key of the file. Since there is strict 
correspondence in record order, not all records in the indexed file need 
actually be represented by an index entry. Instead, indexed file 
records are often grouped into blocks and the highest key value in the 
block is then indexed. This arrangement is illustrated in Figure 10-2, 
which also presents an indexed-random indexing for the same file. In 
comparing the size of the respective indexes, it is evident that the 
indexed-sequential index is relatively compact. Furthermore, since both 
indexes are sequentially ordered, an indexed-sequential organization for 
the indexes themselves is possible; that is, index records can be 
grouped into blocks, which can then be indexed. For large files, this 
arrangement can be repeated a number of times, a scheme that greatly 
speeds record access. 

10.4 CODASYL CONCEPTS OF DATA BASE MANAGEMENT 

There are many data management techniques and capabilities that are 
widely common to DBMS. The CODASYL specifications are perhaps the most 
succinct currently available for implementing large-scale state-of-the- 
art data bases on existing hardware lines. 

A CODASYL data base is described by a schema using facilities of 
the data description language (DDL). Within a given data base are 
areas, sets, and records reflecting the organization defined by the 
schema . 

Areas, set types, and record types are named within the schema and 
are thus known to the DBMS. An area usually corresponds to a file. A 
record type is a named collection of data items; each record type 
describes actual occurrences (that is, records) in the data base. 
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Figure 10-2. An illustration of indexed-sequential and indexed-random 
organizations. 
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Records t h a t  a r e  r e l a t e d  t o  one another  may be c o l l e c t e d  i n t o  s e t s .  
A s e t  type  is defined t o  have one record type a s  owner and one o r  more 
record types a s  members. The same record type can be owner of mu l t ip l e  
s e t  types and member of mu l t ip l e  s e t  t y p e s , b u t  it cannot be both  owner 
and member of t h e  same s e t  type.  

The DDL d e s c r i p t i o n  i s  used by a da t a  d e s c r i p t i o n  language ana lyzer  
i n  o rde r  t o  genera te  t h e  a c t u a l  schema t h a t  i s  used i n  c r e a t i n g  and 
access ing  t h e  da ta  base.  

The o t h e r  main component of t h e  da t a  management system i s  t h e  da t a  
manipulation language (DML) which c o n s i s t s  of a s e t  of commands which 
perform t h e  fol lowing kinds of func t ions :  1) opening and c l o s i n g  of t h e  
da ta  bases ;  2) c r e a t i o n  and d e l e t i o n  of record occurrences;  3) s e t t i n g  
of currency i n d i c a t o r s ;  4)  add i t i on  and removal of record occurrences 
from s e t s ;  and 5)  r e t r i e v a l  and s to rage  of da t a  from cu r ren t  record 
occurrences.  Each DML command is  a FORTRAN subrout ine  c a l l .  This  
permi ts  d i r e c t  u se r  i n t e r a c t i o n  with t h e  da t a  base v i a  programs i n  t h e  
FORTRAN h o s t  language. The DML provides t he  l i n k  between t h e  da t a  base 
and the  query language and app l i ca t ion  programs, t hus  al lowing the 
planner  t o  i n t e r a c t  by means of non-procedural,  n a t u r a l  language 
commands t h a t  r e q u i r e  no knowledge of t h e  phys ica l  o r  l o g i c a l  da t a  base 
s t r u c t u r e .  

The conceptual design of a da t a  base management system based on t h e  
above concepts can be summarized by t h e  block diagram i n  F igure  10-3. 

QUERY LANGUAGE a 

Figure  10-3. Conceptual design of a DBMS. 
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10 .5  DATA STORAGE AND RETRIEVAL SYSTEM FOR RIVER BASIN ANALYSIS 

The d a t a  s t o r a g e  and r e t r i e v a l  system shou ld  b e  capab le  o f  s t o r i n g  
and managing a l l  i n f o r m a t i o n  ob ta ined  from t h e  d a t a  a c q u i s i t i o n  phase  
and t h e  d a t a  a n a l y s i s  phase .  The e f f i c i e n c y  of a  d a t a  s t o r a g e  and 
r e t r i e v a l  system i s  impor tan t  s i n c e  i t  a f f e c t s  t h e  a v a i l a b i l i t y  and t h e  
q u a l i t y  of t h e  i n p u t  d a t a  f o r  any l e v e l  and t y p e  o f  a n a l y s i s  r e q u i r e d  i n  
t h e  b a s i n .  T h e r e f o r e ,  t h e  s p e c i f i c  d a t a  b a s e  schema f o r  each  d a t a  
ca tegory  should be worked o u t  t o  e a s e  a c c e s s ,  r e t r i e v a l ,  and u p d a t i n g  o f  
d a t a .  A d a t a  management system shou ld  be  e s t a b l i s h e d  a l o n g  w i t h  t h e  
d a t a  base  t o  a s s i s t  u s e r s  i n  r e t r i e v a l  and r e f o r m a t t i n g  o f  t h e  d a t a  t o  
o b t a i n  t h e  d e s i r e d  i n f o r m a t i o n  f o r  t h e  s i m u l a t i o n  and a n a l y s i s  o f  a l l  o r  
any p a r t  of t h e  r i v e r  b a s i n  under s t u d y .  The d a t a  management system 
shou ld  be  of a  modular t y p e  and s e t  up i n  a n  o v e r l a y  s t r u c t u r e  t o  
i n c r e a s e  i t s  f l e x i b i l i t y  i n  changing component e lements  and t o  reduce 
computer memory requ i rements .  

involved 

1. 

2. 

3 .  

4 .  

5 .  

6 .  

The pr imary o b j e c t i v e  of such a  d a t a  s t o r a g e  and r e t r i e v a l  system 
i s  t o  suppor t  m u l t i p l e  l e v e l s  and t y p e s  of a n a l y s i s .  The s p e c i f i c  t a s k s  

i n  t h e  development of t h e  system a r e :  

I d e n t i f y  g e n e r a l  d a t a  needs f o r  v a r i o u s  l e v e l s  and t y p e s  of 
a n a l y s i s  c o n s i d e r i n g  wate r  supp ly ,  f l o o d  c o n t r o l ,  sediment  
c o n t r o l ,  d r a i n a g e  and i r r i g a t i o n  requ i rements ,  streambank 
e r o s i o n , '  w a t e r  q u a l i t y ,  r e s e r v o i r  o p e r a t i o n ,  and environmental  
impacts .  

Assemble and e v a l u a t e  a l l  of t h e  a v a i l a b l e  d a t a  from v a r i o u s  
agenc ies  r e l a t i n g  t o  c l imato logy ,  hydrology,  h y d r a u l i c s ,  
geomorphology, geology, wa te r  q u a l i t y ,  l and  u s e ,  and such  
a c t i v i t i e s  of man a s  h y d r a u l i c  s t r u c t u r e s  and r i v e r  eng ineer -  
i n g  works. 

S t a n d a r d i z e  t h e  time and space  d e s i g n a t i o n  o f  d a t a  and develop 
a  u n i f i e d  c l a s s i f i c a t i o n  of d a t a  c a t e g o r i e s .  

E s t a b l i s h  t h e  s t r u c t u r e  o f  t h e  comprehensive d a t a  s t o r a g e  and 
r e t r i e v a l  system t o  i n c l u d e  a l l  d a t a  c a t e g o r i e s  t h a t  a r e  
needed f o r  m u l t i p l e  l e v e l s  and v a r i o u s  t y p e s  o f  a n a l y s e s .  

Def ine  a  complete node system f o r  l o c a t i o n  i d e n t i f i c a t i o n  of 
a l l  r e q u i r e d  d a t a  c o l l e c t i o n  s t a t i o n s  a long  t h e  r i v e r  channel  
system ( i n c l u d i n g  major t r i b u t a r i e s  and . t h e  w a t e r s h e d s ) .  

Develop a d a t a  a n a l y s i s  package f o r  i n c o r p o r a t i o n  i n t o  t h e  
d a t a  management system f o r  e x t r a c t i n g  t h e  maximum amount of 
i n f o r m a t i o n  from t h e  c o l l e c t e d  d a t a .  

10.6 A CASE STUDY: THE YAZOO DATA STORAGE AND RETRIEVAL SYSTEM 

The fo l lowing  s e c t i o n s  o u t l i n e  t h e  a p p l i c a t i o n  o f  t h e  d a t a  s t o r a g e  
and r e t r i e v a l  system f o r  t h e  Yazoo R i v e r  Basin  s t u d y  coriducted by 
Colorado S t a t e  U n i v e r s i t y  f o r  t h e  Vicksburg D i s t r i c t ,  U.S. Army Corps of 



Engineers .  Although many of t h e  s p e c i f i c  t e c h n i c a l  d e t a i l s  of  t h e  da t a  
base management system a r e  omi t ted ,  t h e  gene ra l  workings and 
c a p a b i l i t i e s  of  t h e  system a r e  presented and d iscussed .  

C h a r a c t e r i s t i c  Fea tu re s  of t h e  Yazoo River  Data Base Management System 
S t r u c t u r e  

The Yazoo da t a  base i s  s e t  up t o  r e f l e c t  t h e  l o g i c a l  s t r u c t u r e  of 
t h e  watershed and t h e  r i v e r  channel system under s tudy .  This  h i e r a r c h i -  
c a l  s t r u c t u r e  i s  coded by a  node system, which i s  descr ibed  i n  t h e  next  
s e c t i o n ,  t o  ea se  t h e  da t a  i n d e n t i f i c a t i o n  and r e t r i e v a l  t a s k .  The d a t a  
base schema f o r  t h e  Yazoo River system i s  presen ted  i n  F igure  10-4 which 
shows va r ious  da t a  ca t ego r i e s  and t h e i r  corresponding keys. 

The da t a  management system i s  a  s e t  of  ope ra t i ng  computer programs, 
e s t a b l i s h e d  along wi th  t h e  da ta  base t o  a s s i s t  u s e r s  i n  t he  r e t r i e v a l  
and re format t ing  of t h e  da t a  t o  ob t a in  t h e  des i r ed  in format ion  f o r  
s imu la t i on  and a n a l y s i s  of  t he  r i v e r  ba s in  system. The o v e r a l l  package 
i s  of  modular type and i s  s e t  up i n  over lay  ( l aye red ) .  This  i nc reases  
i t s  f l e x i b i l i t y  i n  changing component elements and reduces computer 
memory requirements .  The s t r u c t u r e  of t h e  Yazoo River  da ta  management 
system i s  presen ted  i n  Figure 10-5. 

Query Language 

To he lp  u s e r s  who a r e  n o t  f ami l a r  wi th  computer systems, a  simple 
query language f o r  da t a  r e t r i e v a l  and process ing  i s  developed. It  
c o n s i s t s  of f o u r  groups of command s ta tements  w r i t t e n  i n  o rd ina ry  
language t o  guide t h e  opera t ions  of t h e  four - layered  programs ( i . e . ,  
GETDATA, PROCESS, OUTPUT, and UPDATE) . The command language s p e c i f  i c a -  
t i o n s  f o r  t h e  Yazoo River  da ta  management system a r e  presen ted  i n  
Simons, L i  and Duong (1978). 

To ensure  an understanding of t h e  use of  va r ious  command s ta tements  
f o r  da t a  r e t r i e v a l  and process ing ,  samples of  t e s t  c a se s  a r e  presen ted  
i n  t h e  l a s t  s e c t i o n  of t h i s  chap te r .  Each ou tpu t  i s  headed by a  
corresponding block of  command s ta tements .  

Data Process ing  Capab i l i t y  

A t  t h e  p r e s e n t  t ime,  t h e  fol lowing da t a  process ing  opt ions  a r e  
a v a i l a b l e  i n  t h e  Yazoo da t a  base management system: 

1. Re t r i eve  information a t  a  gaging s t a t i o n .  

2 .  Re t r i eve  d a t a  a t  a  gaging s t a t i o n  by f i v e  d i f f e r e n t  a l t e r n a t i v e s  
( s t a t i o n  number, s t a t i o n  name, s t a t i o n  coo rd ina t e s ,  node + r i v e r  
m i l e ,  r i v e r  name + r i v e r  mi l e ) .  

3 .  Ret r i eve  da t a  f o r  a  p a r t i c u l a r  d a t a ,  y e a r ,  o r  water  y e a r .  

4 .  Re t r i eve  d a t a  f o r  a  p a r t i c u a r  time per iod  ( i - e . ,  from d a t e  (x) 
t o  (y ) ;  from water year  (x) t o  ( y ) ) .  

5. P r i n t  o r  p l o t  ou tput  r e s u l t s  on paper o r  CRT tube .  
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Control  S t r u c t u r e  

P r e c i p i t a t i o n  E Reservoir  

DQL YAZQIIAL* 

Water Qua l i t y  
- -. 



Program 
UPDATE r 
. Inse r t  record 

.Delete record 

.Change record 

Program 
GETDATA 

-Get da ta  
category 

.Get locat ion 

.Get t m e  period 

.Retrieve the  
desired da ta  
element 

Prograa 
PROCESS 

. S t a t i s t i c a l  -L is t ing  
ana lys i s  

-Graphs, 
.Data p l o t s  
reformating 

- Punched 
cards 

Figure 10-5. 0 v e r a l r  s t r u c t u r e  of t h e  Yazoo d a t a  management system. 



6 .  Carry  
a .  
b  .. 
C .  

d .  
e .  
f .  
g  + 

h .  
i. 
j. 
k. 

o u t  e lementary  o p e r a t i o n s  on d a t a  a n a l y s i s ,  such  a s :  
f l o o d  f requency p l o t  f o r  a  p a r t i c u l a r  s t a t i o n  ( x ) ,  
f low d u r a t i o n  a n a l y s i s  f o r  a  p a r t i c u l a r  s t a t i o n  ( x ) ,  
s t a g e - d i s c h a r g e  p l o t  f o r  a  p a r t i c u l a r  s t a t i o n  ( x ) ,  
c r o s s  s e c t i o n  o v e r l a y  p l o t  f o r  a  p a r t i c u l a r  s t a t i o n  (x ) ,  
d ischarge-hydrograph p l o t  a t  a  s t a t i o n  ( x ) ,  
s tage-hydrograph p l o t  a t  a  s t a t i o n  (x ) ,  
changing r i v e r  s t a g e  w i t h  c o n s t a n t  d i s c h a r g e ,  
thalweg l e v e l  p l o t  f o r  a  r i v e r  o r  segment o f  a  r i v e r ,  
b a s i c  s t a t i s t i c a l  a n a l y s i s  
r e g r e s s i o n  a n a l y s i s ,  and 
c o r r e l a t i o n  a n a l y s i s .  

Other  o p t i o n s  f o r  e x t r a c t i n g  a d d i t i o n a l  u s e f u l  i n f o r m a t i o n  from t h e  
d a t a  can be added t o  t h e  b a s i c  Yazoo d a t a  b a s e  management system. 

The Node-svstem f o r  Locat ion I d e n t i f i c a t o n  i n  t h e  Yazoo R i v e r  Basin  

I n  o r d e r  t o  speed access  t o  i n f o r m a t i o n  a t  s p e c i f i c  s t a t i o n s ,  a  
uniform numbering sytem was developed. A group of f o u r  p a i r s  o f  numbers 
i s  used t o  d e s c r i b e  a node i n  t h e  Yazoo River  system s t a r t i n g  a t  
Vicksburg,  node 00000000, and i n c r e a s i n g  going upst ream.  From r i g h t  
t o  l e f t ,  t h e  f i r s t  p a i r  i n d i c a t e s  s u c c e s s i v e  node numbers i n  t h e  main 
stem of t h e  r i v e r  system; t h e  n e x t  p a i r  i n d i c a t e s  t h e  f i r s t - o r d e r  t r i b u -  
t a r y  from t h e  main s tem,  s t a r t i n g  a t  t h e  node d e f i n e d  by t h e  p a i r  on t h e  
r i g h t ,  and s o  on. The s t r u c t u r e  o f  t h e  node-system f o r  t h e  Yazoo R i v e r  
system i s  p r e s e n t e d  i n  F igure  10-5. Thus,  u s i n g  a  node-system, a  
p a r t i c u l a r  gaging s t a t i o n  can be d e f i n e d  by a  downstream node and a  
s t ream-mile  from t h a t  node. Th is  makes t h e  r e t r i e v a l  of d a t a  of a 
p a r t i c u l a r  r i v e r  segment o r  sub-bas in  s i m p l e r .  

Data C a t e g o r i e s  i n  t h e  Yazoo River  Data Bank 

Data s t o r e d  i n  t h e  Yazoo River  d a t a  bank a r e  s e p a r a t e d  i n t o  v a r i o u s  
c a t e g o r i e s  and r e s i d e  i n  v a r i o u s  t a p e  f i l e s  f o r  e a s e  o f  maintenance and 
minimizat ion of o p e r a t i n g  c o s t s .  Each d a t a  f i l e  c o n t a i n s  a l l  t h e  gaging 
s t a t i o n  i n f o r m a t i o n  and t h e  corresponding d a t a  e lements .  I n  t h e  p r e s e n t  
v e r s i o n  of t h e  Yazoo River  d a t a  bank,  p o r t i o n s  o f  t h e  f o l l o w i n g  d a t a  
c a t e g o r i e s  have been p rocessed  and p u t  i n  s t o r a g e  f o r  s e l e c t e d  
l o c a t i o n s :  

s t a g e - d i s c h a r g e  d a t a ,  
d a i l y  d i s c h a r g e  d a t a ,  
suspended sediment d a t a ,  
bed m a t e r i a l  d a t a ,  
r i v e r  c r o s s - s e c t i o n  i n f o r m a t i o n ,  
r i v e r  c o n t r o l  s t r u c t u r e  c h a r a c t e r i s t i c s ,  
r e s e r v o i r  c h a r a c t e r i s t i c s ,  
s t a g e  r e a d i n g s ,  and 
m e t e o r o l o g i c a l  i n f o r m a t i o n .  

Watershed d a t a  w i l l  a l s o  be inc luded  i n  t h e  Yazoo R i v e r  d a t a  bank a s  
soon a s  t h e  d a t a  p r e p a r a t i o n  and v e r i f i c a t i o n  i s  completed.  



E x a m ~ l e s  of t h e  U t i l i z a t i o n  of t h e  YAZOODB 

T h i s  s e c t i o n  c o n t a i n s  some examples of d a t a  r e t r i e v a l  and a n a l y s i s  
r e l a t e d  t o  t h e  needs of f i e l d  p e r s o n n e l ,  e n g i n e e r s ,  and p l a n n e r s  when 
d e a l i n g  w i t h  l a r g e ,  complex r i v e r  b a s i n  sys tems.  

1. When d e s i g n i n g  a  h y d r a u l i c  s t r u c t u r e ,  one o f  t h e  f i r s t  p i e c e s  
of i n f o r m a t i o n  needed i s  a  f l o o d  f requency a n a l y s i s .  F i g u r e s  
10-6a,b  p r o v i d e  an example of f l o o d  f requency  a n a l y s i s  c a r r i e d  
o u t  on t h e  h i s t o r i c a l  d a t a  of t h e  Upper Yazoo River  ( T a l l a h a t -  
c h i e  R i v e r )  n e a r  Swan Lake,  M i s s i s s i p p i ,  u s i n g  t h r e e  d i f f e r e n t  
a n a l y s i s  o p t i o n s .  

2 .  The d e t e r m i n a t i o n  of t h e  s t a g e  f o r  a  d e s i g n  d i s c h a r g e  a t  a  
c r o s s  s e c t i o n  i s  u s u a l l y  n e c e s s a r y  f o r  de te rmin ing  f l o o d  
hazard and f o r  hydau l ic  s t r u c t u r e  d e s i g n .  F i g u r e s  10-7a,b 
show t h e  s t a g e - d i s c h a r g e  curves  of t h e  Yazoo River  a t  Be lzon i  
f o r  1973, u s i n g  two d i f f e r e n t  o u t p u t  o p t i o n s .  

3 .  The t r e n d  f o r  changing s t a g e - d i s c h a r g e  r e l a t i o n s  over  t ime  
u s u a l l y  p r o v i d e s  v a l u a b l e  i n f o r m a t i o n  abou t  t h e  dynamics of a  
r i v e r  a t  a  p a r t i c u l a r  l o c a t i o n .  F i g u r e  10-8 i s  a n  o v e r l a y  
p l o t  o f  s t a g e - d i s c h a r g e  curves  of t h e  Yazoo R i v e r  a t  Be lzon i  
f o r  t h r e e  consecu t ive  y e a r s :  1973, 1974, and 1975. 

4 .  Regress ion  a n a l y s i s  i s  a  s i m p l e ,  b u t  v e r y  u s e f u l ,  t e c h n i q u e  
used t o  d e r i v e  t h e  r e l a t i o n s h i p  between two s e t s  o f  d a t a .  The 
computed a n a l y t i c a l  e x p r e s s i o n  could  t h e n  be  used f o r  s h o r t -  
term record  e x t e n s i o n .  F i g u r e  10-9 shows t h e  d e r i v a t i o n  o f  
t h e  power f u n c t i o n  f o r  s t a g e - d i s c h a r g e  d a t a  f o r  t h e  T a l l a h a t -  
c h i e  R i v e r  n e a r  Swan Lake f o r  s e v e r a l  y e a r s .  

5 .  The change i n  r i v e r  s t a g e  over  t ime  f o r  some g iven  d i s c h a r g e  
Q a t  one p a r t i c u l a r  s t a t i o n  could  g i v e  some i n f o r m a t i o n  
concerning channel  c r o s s  s e c t i o n  geometry and t h e  a g g r a d a t i o n  
o r  d e g r a d a t i o n  a t  a l o c a t i o n .  F i g u r e  10-10a shows a p l o t  o f  
changing s t a g e  over  t ime f o r  Q o f  5000 c f s  f o r  t h e  T a l l a h a t -  
c h i e  River  n e a r  Swan Lake f o r  s e v e r a l  y e a r s .  F i g u r e  10- lob  
l i s k s  t h e  corresponding v a l u e s  o f  t h e  r i v e r  s t a g e  f o r  each 
y e a r  f o r  Q o f  5000 c f s  f o r  t h e  same s t a t i o n .  

6 .  I n  o r d e r  t o  check t h e  dynamics of a g g r a d a t i o n  o r  d e g r a d a t i o n  
it is  always u s e f u l  t o  p l o t  t h e  change i n  c r o s s - s e c t i o n a l  
shape o v e r  t i m e .  F i g u r e  10-11 i s  an o v e r l a y  p l o t  o f  c r o s s -  
s e c t i o n a l  d a t a  of t h e  Yazoo R i v e r  a t  r i v e r  m i l e  82 .90 ,  
upstream from Vicksburg,  M i s s i s s i p p i .  

7 .  Discharge d a t a  a r e  needed t o  c a l i b r a t e  r i v e r  sys tem models 
which a r e  used f o r  t h e  s t u d y  o f  f u t u r e  b e h a v i o r  of t h e  sys tem.  
Thus,  s t a g e  and d i s c h a r g e  hydrographs a r e  d e s i r e d  p i e c e s  of 
i n f o r m a t i o n  f o r  e n g i n e e r s  and p l a n n e r s .  I n  F i g u r e  10-12 p l o t s  
o f  hydrographs f o r  t h e  T a l l a h a t c h i e  R i v e r  n e a r  Lambert f o r  t h e  
c a l e n d e r  y e a r s  1972, 1973 and 1974 a r e  p r e s e n t e d .  



Examples s i m i l a r  t o  (7) above wi th  ou tputs  i n  a  t a b u l a r  format 
which a r e  s u i t a b l e  f o r  p e r i o d i c  r epo r t i ng  purposes dur ing  
ca lender  year  1973 and water yea r  1973 near  Lambert and Swan 
Lake a r e  presented i n  Figures  10-13 and 10-14, r e s p e c t i v e l y .  

Basic s t a t i s t i c s  a r e  needed t o  understand t h e  extreme events  
o r  f o r  use i n  fo recas t i ng  purposes .  Thus, a  way t o  g e t  t h i s  
information d i r e c t l y  from h i s t o r i c a l  da t a  which a r e  s t o r e d  i n  
t h e  da ta  bank i s  d e s i r a b l e .  F igure  10-15 shows some t y p i c a l  
ou tputs  f o r  b a s i c  s t a t i s t i c a l  a n a l y s i s .  

R a i n f a l l  da ta  a r e  needed f o r  water resources  planning and f o r  
opera t ion  of watershed s imula t ion  models f o r  ba s in  system 
a n a l y s i s .  An example of t h e  r e t r i e v a l  and a  l i s t i n g  of  d a i l y  
r a i n f a l l  da ta  a t  Byhalia f o r  calender  yea r  1973 i s  shown i n  
F igure  10-16. The r e s u l t s  p rocess ing  t h e  r e t r i e v e d  da ta  s e t  
t o  o b t a i n  cumulative r a i n f a l l  i s  given by a  p l o t  i n  F igure  
10-17. 

11. Thalweg l e v e l  p l o t s  can give engineers  and p lanners  some 
u s e f u l  information on t h e  v a r i a t i o n  of bed s lope  of  a  r i v e r  o r  
a  segment of a  r i v e r .  This  f i n a l  example shows a  p l o t  of  
Thalweg l e v e l  f o r  a segment of t h e  Yazoo River  (from r i v e r  
mile  3 .  t o  r i v e r  mile 100.) i n  August 1962 (Figure 10-18). 



EXAMPLE la : 

Input  : 

I>GET,  DISCHARGE IlATA 
1:-LOCATION I STATION LOCATED NR SWAN LAIIE 
I > T I H E  rA1.L 
I>PHOCESS~PLOTrCUH FREQUENCY 

Output : 

C C X G L A T I C ' E  F F E O U E N C V  CURVE 
W.1. CPTR KIIITS . 50 

Figure  10-6a. A l l  d i scharge  da ta  f o r  cumulative frequency a n a l y s i s  f o r  
a gaging s t a t i o n .  



EXAMPLE l b :  

Input : 
I>GET*DISCHARGE DATA 
I>LOCATIONISTATION NUMBER 1 3 x 1  

Output : 
RELAT 1 V E  F R E S U E l K ' /  HISTOGRAM 

NO. DATn F31111S . 58 

OlSCHnRGE IN  CFS 
T R L L M T C H I E  RlUER h P  SU6W LRKE 

Figure 10-6b. All discharge data for a relative frequency 
histogram for a gaging station. 

EXAMPLE lc: 

Input : 
I>GETvDISCHARGE DATA 
I>LOCATIONISTATION ON TALLOHATCHIE RIVER 
AT I?219.10 
I>TIME.ALL 
I>PHOCESSvLIST,FRERUENCY ANALYSIS 

,... OBS.  FREO. C3F P Y  



EXAMPLE 2a : 

PO Yllll WIl i l l  T I E  RESULTS TO k E  1~ISPLI)YEP RY A L I N E  F.RINTER 
I>YE S 

YLIIOO KIV€::  fir PC1 :?:,I GAGE-O FLEV. - 7 6 . 0 2 3  F l l r S L l  

Figure 10-7a. Stage-discharge data  plot for Belzoni by specifying 
i t s  coordinates--33 10 02, 90 29 35--for 1973. 



EXAMPLE 2b : 

Inpu t  : 

Output 

Figure 10-7b. Stage-discharge plot for a gaging station for a specified 
year. 



EXAMPLE 3 : 

Inpu t  : 

I>GETrSTAGE-IIISCHclFiGE DATA 
I>LOCATION.STATION COOK'[lINATES 33 10 12r96 29 35 
I>TIHEvFK'nH YEAR 1973 TO 1975 
I X ' L O T  

Output : 

WCC-D ELEU. 9Z.967 FT(flCJL) 

Figure 10-8. Stage-discharge plot for a gaging station for 
less than five years. 



Input  : 

I>.GET,STAGE-[!ISCHARGE DATA 
I>LOCATION,STATION ON TALLAHATCHIE RIVER 

AT 1:.?19.10 
I>TIHEIFROH YEAR 1970 TO 1976 
I>PROCESSrLIST~KGRESSION ANALYSIS 

Output : 

YEW - 1 9 7 0  

PEGRESSIOH EOUqTION I S  0 3 l . X O W I ( S I . E X P (  1 . 8 7 9 Z ) I  

COPRELRTIOE) CCETFIClEfil - .6913 S t R V M R D  ERROR - .314338 

VEPR . 1971  

RECRESSION EOURT1O:I I S  0 ' SC.S3675(!51.EXP( 1.6SB4)l 

C0CRELAT:OH COEFFIClEKl  . 9 9 K  57afiDRRD EPROR .DS9SIb 

F i g u r e  10-9. S tage-d i scharge  r e g r e s s i o n  a n a l y s i s  f o r  a  gaging 
s t a t i o n  f o r  each y e a r .  



EXAMPLE 5a : 

Input : 

I>GETvSTAGE-DISCHARGE DATA 
I>LOCATIUNvSTATION LOCATED N R  SWAN LAKE 

Output : 

CHFlNCIiiC STAGE FOR 0- 5000.CF5 - tt3. : d T R  F ~ ) I I I T S  - 22 

Figure 10-1Oa. Stage-discharge plot for a gaging station showing 
variation of river.stage (in ft) for a given 
discharge (in cfs). 



EXAMPLE 5b : 

Input 
I>GET?STAGE-DISCHARGE DATA 
X>LOCATIONI STATION NlJflLlER 131D 
I>TIHEvALL 
1:~YROCESS.LIST.CHnNGING STAGE FOR O=5000+ 

Output 

CIVYZ~HC ~IIMQ S I ~ C E  FOR a . soso. crs 

TPIlLPIH!4TCHIE R I M R  Wl S d W  C W E  

( C I C C - 9  CLCU. 123.829 F T t C S L ) )  

Figure 10-lob. Stage-discharge listing for a gaging station showing 
variation of river stage (in ft) for a given discharge 
(in cfs) . 



EXAMPLE 6 : 

F i g u r e  10-11. P l o t  of channel  c r o s s  s e c t i o n  of t h e  Yazoo River 
a t  RM 82.90 f o r  d i f f e r e n t  d a t e s .  



EXAMPLE 7 : 

Input : 

I:>GET r DISCHARGE IIATA 
1: :LOCATIONrSTATION COORIl lNRTES 3 4  10 50.90 12 55 
I:.T>r,;.Fi;Ofi YEAR 1972 TO 1974 

Output : 

F i g u r e  10-12. Discharge p l o t  f o r  a gaging s t a t i o n  f o r  a s p e c i f i e d  
t ime .  



EXAMPLE 8a: 
Input : 
I>GET,DISCHARGEIALL INFORMATION 
I>LOCATIONISTATION LOCATED NK LAMBERT 
I>TIME?YEAK 1973 
I>DISPLAY 

Output : 

I 
I " "  

158 208 
TIM I N  DRYS 

TOLLLHIITCHIE RIVER na MBERT 

Figure  10-13. A l l  information r e l a t e d  t o  d i scharge  f o r  a  gaging 
s t a t i o n  f o r  a  s p e c i f i e d  yea r .  



EXAMPLE 8b : 

Input : 
I>.GETP~ISCHARGEPALL INFORMATION 
I ~ L O C ~ T I O N I S T A T I O N  NllMREN 132D 
I>TIHEvWATER YEAR 1973 
I>CIISPLAY 

output  : 
v a w  RIVER svsTEn DDTA B ~ N :  

R I V E R  D I S C W C E  DATA WTEC'JRY 

D a I L v  D ISCHWGE FOR ULITEU XGU 1 9 7 3  

COr,PUTED DOILY DISCTIARGE I N  CUBIC f EET PER XCO!+D 

PISCHA?CE-HYPROCRGPH PLOT - '(EAR i m  no. or.m r c r r t r s  - 26s  

T:nE IN covs 
TILLUYYlTCHiE UlUER hR SULlV L M E  

Figure 10-14. A l l  information related to  discharge for  a gaging 
s ta t ion  for a speci f ied  water year. 



Input : 

Output : 

EXAMPLE 9b : 

Input  : 
I>GET 7 TIISCHARGE IlATA 
I I>LOCATIONISTATION LOCATE11 AT GF:EENWOOD 
I>TIEIEvFROH~I. IATE 1 0 0 4 7 3  TO 1 0 0 5 7 3  
I > P R C ) C E S S r L I G T ~ H I N  VALUE 

Output : 

THE -I*IW VALUE 1s 2318o.ea LWCH C C C ~ ~ Y ~ E D  ~n r . = ~  23.1973 

EXAMPLE 9c : 

Input  : 

I GET*DISCHARGE llATA 
I>LOCATIONvSTATTON ON YAZOO RIVER 

AT I 1 6 6 . 0 0  
I > T I H E ~ F R O H  IlATE 1 0 0 4 7 3  TO 1 0 0 5 7 3  
I. F KOCESSr L I S T r  MAX UALLIE 

Output : 

Figure  10-15. Minimum va lue  of d i scharge  da ta  f o r  a  gaging s t a t i o n  
f o r  a  s p e c i f i e d  t ime.  



EXAMPLE 10a : 

Input : 

Output 

DRILY TOTRL RAINFALL PLCT - Y E ~ R  1973 110. Dark POI! lTS , 3 t S  

Figure  10-16. Dai ly  p r e c i p i t a t i o n  p l o t  f o r  a  gaging s t a t i o n  f o r  
a  spec i f i ed  yea r .  



EXAMPLE l o b  : 

Input : 

1::GETrFK'ECIPITATION D A T O r D A I L Y  
I ) .LUCATIONrSTATION NUMBER 1262 
I > T I M E T Y E A R  1973 
I:>.F'HOCESSr PLOT r CUM R A I N F A L L  

Output : 

DAILY CU.3ULFITIUE f?A!IiFF\LL PLOT - \ E m  1973 hO. DUTR POlHT5 . X5 

F i g u r e  10-17. D a i l y  p r e c i p i t a t i o n  and cumulat ive  p l o t  f o r  a  gaging 
s t a t i o n  f o r  a  s p e c i f i e d  y e a r .  



EXAMPLE 11: 

Input : 

I>GETTCROSS-SECTION DATA 
I>LOCATION~KIVER~YAZOO RIVER 
I>TIMEPUATE 999999 
I>PROCESSrF'LOTrTHALWEG LEVEL 

Output : 

Figure 10-18. Cross sec t ion  p l o t  of t h e  thalweg l e v e l  f o r  a  r i v e r  
f o r  a  spec i f i ed  time. 
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Chapter 11 

WATER AND SEDIMENT ROUTING 

11.1  INTRODUCTION 

Decades ago behavior of water and sediment in alluvial channels was 
studied only in a qualitative manner or by highly simplified, statisti- 
cal methods. With improved knowledge of the movement of water and 
sediment combined with the availability of high-speed digital computers, 
mathematical modeling' of rivers has attracted increasing attention. 
Mathematical modeling of rivers usually involves a numerical technique 
to solve the differential equations for movement of water and sediment 
through a river reach. With proper calibration and adjustment of the 
model, one can eliminate many of the uncertainties involved and develop 
valuable information on present and future river conditions. 

Flood routing is defined as the process of tracing by calculation 
the movement of a flood wave. In general, the problem consists of 
applying the principles of gradually varied unsteady open channel flow. 

Two physical characteristics that are useful in describing flood 
waves are the'rate of travel (flood wave celerity) and the rate of 
subsidence (flood wave attenuation). Attenuation of a flood wave can 
be accomplished by either longitudinal or lateral storage. Attenuation 
due to lateral storage is exemplified by the subsidence of a flood wave 
as it passes through a lake or reservoir. In the absence of lateral 
storage, such as the case of a flood wave moving through a prismatic 
channel of constant cross section, the wave attenuation is caused by 
longitudinal storage. The amount of longitudinal storage is directly 
related to the relative magnitude of various forces responsible for the 
wave movement. For instance, waves controlled primari.1~ by gravity, 
friction, and the pressure gradient will attenuate slowly. Waves in 
which inertia is also significant will attenuate at a faster rate. 

Movement of a flood wave is governed by the conservation principles 
of fluid mechanics. Conservation of mass is expressed by the equation 
of continuity and conservation of momentum by the equation of motion. 
These two equations constitute a system of partial differential equa- 
tions for which no complete analytical solution is available. With the 
advent of the digital computer, numerical solutions are increasingly 
used to solve partial differential equations describing flood movement. 

A numerical solution is based on the formulation of an algebraic 
analog of the partial differential equations. Independent variables 
(space and time) are represented discretely on the x-t plane such that 
dependent variables (discharge, velocity, stage) are either known or can 
be calculated at specified locations of the grid. 

Early work on flood routing placed emphasis on specific problems 
which could be treated by an appropriate simplification of the equations 
of continuity and motion. For instance, if lateral storage is the pre- 
dominant physical mechanism, such as in the passage of a flood wave 
through a lake or reservoir, the routing follows directly .from the 



equat ion of con t inu i ty  a lone ,  i n  e f f e c t  d i s regard ing  t h e  equat ion of 
motion. This  i s  t he  b a s i s  of t h e  l e v e l  pool o r  Modified Puls  r e s e r v o i r  
rou t ing  method. 

For stream channel rou t ing ,  c l a s s i c a l  hydrology r e l i e d  on the  
s torage  (o r  hydrologic)  rout ing  methods. These methods a r e  aimed a t  
s impl i fy ing  t h e  equat ion  of motion by p o s t u l a t i n g  a  r e l a t i o n s h i p  between 
inf low,  outflow, and s to rage  i n  a  channel reach,  i n  l i e u  of t h e  more 
complex p a r t i a l  d i f f e r e n t i a l  equat ion.  A l i n e a r  a lgeb ra i c  r e l a t i o n s h i p  
of t h i s  type is  t h e  b a s i s  of t h e  Muskingum method, which has had wide 
app l i ca t ion  i n  engineering p r a c t i c e .  The Muskingum method, however, 
cannot proper ly  be regarded a s  a  s to rage  rout ing  method, s i n c e  it can 
be shown t o  be c l o s e l y  l inked  t o  hydraul ic  rou t ing  methods t h a t  take  
account of t h e  equat ion of motion. 

Equation of motion expresses  t h e  balance of i n e r t i a ,  su r f ace ,  and 
body fo rces  i n  a  given d i r e c t i o n .  I n e r t i a  fo rces  o r i g i n a t e  i n  t h e  
acce l e ra t ion  of motion, while su r f ace  fo rces  a r e  t h e  long i tud ina l  
pressure  g rad ien t  and shear  r e s i s t a n c e  along t h e  channel bottom. Body 
force  i s  t h e  g r a v i t a t i o n a l  component along t h e  d i r e c t i o n  of motion. I n  
f lood rout ing  a p p l i c a t i o n s ,  t h e  quest ion of r e l a t i v e  magnitude of t hese  
various fo rces  i s  o f t e n  r a i s ed .  I f  one o r  more fo rces  a r e  of n e g l i g i b l e  
magnitude a s  compared with the  remaining f o r c e s ,  they  can be assumed 
equal t o  zero.  This gives r i s e  t o  approximate wave models, which a r e  
v a l i d  provided t h e  neglected terms do not  con t r ibu te  apprec iab ly  t o  t h e  
so lu t ion .  An important model of t h i s  s o r t  i s  t h e  kinematic wave t h a t  
pos tu l a t e s  t he  exac t  balance of g r a v i t y  fo rces  and bottom f r i c t i o n ,  
neglec t ing  t h e  p re s su re  g rad ien t  and i n e r t i a  f o r c e s .  An equa l ly  impor- 
t a n t  model i s  t h e  d i f f u s i v e  wave t h a t  considers  t he  balance of g r a v i t y ,  
bottom f r i c t i o n ,  and p re s su re  g rad ien t  while a l s o  neglec t ing  i n e r t i a  
fo rces .  

Flood rout ing  i n  n a t u r a l  r i v e r  channels i s  s u b j e c t  t o  an a d d i t i o n a l  
degree of freedom imposed by the  nonrigid boundary. An imbalance 
between sediment supply and t r a n s p o r t  capac i ty  causes aggradat ion o r  
degradat ion of t h e  channel bed. Two a d d i t i o n a l  equat ions a r e  necessary 
i n  order  t o  c a l c u l a t e  t h e  changes i n  bed e l eva t ion :  1) t h e  equat ion  of 
sediment con t inu i ty ,  and 2) t he  equat ion of sediment motion (sediment 
t r anspor t  equat ion) .  By so lv ing  these  two toge the r  wi th  t h e  equat ions  
descr ib ing  the  water phase (water con t inu i ty  and motion),  a  s o l u t i o n  f o r  
t he  unsteady flow of water and sediment i n  n a t u r a l  r i v e r  channels can be 
obtained.  

Owing t o  t h e  l a r g e  number of methods a v a i l a b l e  no a t tempt  i s  made 
here  t o  provide a  comprehensive t rea tment .  Rather ,  emphasis is  placed 
on the  methods t h a t  have a  sound t h e o r e t i c a l  b a s i s .  C r i t e r i a  f o r  
s e l e c t i o n  of a  method t o  so lve  a  p a r t i c u l a r  type of problem a r e  given 
i n  t h e  l a s t  s e c t i o n  of t h i s  chapter .  

11.2 CLASSIFICATION OF FLOOD ROUTING METHODS 

The f lood  rou t ing  problem can be s t a t e d  i n  t h e  fol lowing terms: 
given a  hydraul ic  system with a  s p e c i f i e d  inpu t  d i scharge  hydrograph, 
f i nd  t h e  output  d i scharge  hydrograph. The system can be a  channel 
reach, a l ake  ,or r e s e r v o i r ,  o r  a  combination of channel and r e s e r v o i r .  



I n  t h e  most g e n e r a l  c a s e ,  t h e  system i s  s u b j e c t  t o  t h e  laws of unsteady 
f low i n  a l l u v i a l  c h a n n e l s ,  which a r e  expressed  i n  terms o f  t h r e e  govern- 
i n g  e q u a t i o n s :  1) t h e  e q u a t i o n  of wa te r  c o n t i n u i t y ,  2) t h e  e q u a t i o n  of 
motion,  and 3)  t h e  e q u a t i o n  of sediment c o n t i n u i t y .  Var ious  s i m p l i f i c a -  
t i o n s  a r e  p o s s i b l e  depending on whether c e r t a i n  f e a t u r e s  of t h e  motion 
a r e  predominant over  o t h e r s ,  o r  i f  a n  e x p e d i e n t  mathemat ical  s o l u t i o n  
t o  a  s i m p l i f i e d  problem i s  d e s i r e d .  Thus,  t h e  n e g l e c t  of t h e  e q u a t i o n  
of sediment  c o n t i n u i t y  r e s u l t s  i n  t h e  r o u t i n g  of wa te r  waves o n l y .  The 
f u r t h e r  n e g l e c t  of t h e  e q u a t i o n  of motion r e s u l t s  i n  t h e  r o u t i n g  of 
volumes o f  w a t e r ,  i n  e f f e c t  d i s r e g a r d i n g  t h e  f o r c e  b a l a n c e .  

For  t h e  purpose  of c l a r i t y  o f  p r e s e n t a t i o n ,  t h e  f o l l o w i n g  
c l a s s i f i c a t i o n  i s  advanced. 

1 .  C l a s s i f i c a t i o n  based on t h e  q u a n t i t y  b e i n g  r o u t e d .  
a .  Water Rout ing.  Th is  r e f e r s  t o  t h e  r o u t i n g  of w a t e r  waves 

on ly .  I t  i s  governed by t h e  e q u a t i o n s  o f  wa te r  c o n t i n u i t y  
and mot ion.  

b .  Water and Sediment Rout ing.  Th is  r e f e r s  t o  t h e  r o u t i n g  
of w a t e r  and sed iment ,  t h e r e f o r e  t a k i n g  i n t o  cons idera -  
t i o n  t r a n s i e n t  changes i n  sediment t r a n s p o r t .  The 
problem i s  formulated i n  terms of t h e  t h r e e  governing 
e q u a t i o n s .  

Water Rout ing:  c l a s s i f i c a t i o n  based on t h e  predominant 
p h y s i c a l  mechanism. 
a .  Mass Balance.  T h i s  r e f e r s  t o  t h e  r o u t i n g  of volumes of 

w a t e r ,  w i t h o u t  c o n s i d e r i n g  t h e  momentum b a l a n c e .  The 
problem i s  formulated o n l y  i n  t e rms  of t h e  e q u a t i o n  of 
w a t e r  c o n t i n u i t y .  

b .  Mass and Momentum Balance.  T h i s  r e f e r s  t o  t h e  r o u t i n g - o f  
w a t e r ,  c o n s i d e r i n g  b o t h  mass and momentum b a l a n c e .  The 
problem is  formulated i n  terms o f  t h e  e q u a t i o n s  o f  wa te r  
c o n t i n u i t y  and motion.  A l t e r n a t i v e l y ,  t h e s e  two equa- 
t i o n s  can b e  combined t o  form a  second o r d e r  convect ion-  
d i f f u s i o n  e q u a t i o n .  

The term h y d r o l o g i c  ( o r  s t o r a g e )  r o u t i n g  i s  o f t e n  used  i n  t h e  
l i t e r a t u r e  t o  encompass a  l a r g e  c l a s s  of r o u t i n g  methods which a r e  
p r i m a r i l y  based on t h e  s t o r a g e  e q u a t i o n  i . e . ,  lumped form o f  t h e  wa te r  
c o n t i n u i t y  e q u a t i o n .  The term h y d r a u l i c  r o u t i n g  r e f e r s  t o  t h o s e  methods 
t h a t  a r e  based on a  mass and momentum b a l a n c e ;  Fur thermore,  some 
methods o r i g i n a l l y  regarded  a s  hydro log ic  have r e c e n t l y  been shown t o  be 
l i n k e d  t o  t h e  more g e n e r a l  h y d r a u l i c  r o u t i n g  methods. The Muskingum 
method and i t s  v a r i a t i o n s  a r e  a  good example o f  t h i s .  

Nass and Momentum Balance: c l a s s i f i c a t i o n  based  on 
approximat ions  t o  t h e  e q u a t i o n s  o f  mot ion.  
a .  Kinematic Wave Approximation. T h i s  method i s  based  on 

t h e  assumption t h a t  t h e  p r e s s u r e  g r a d i e n t  and i n e r t i a  
terms i n  t h e  e q u a t i o n  of motion a r e  n e g l i g i b l e  a s  com- 
pared  w i t h  t h e  g r a v i t y  and bottom f r i c t i o n  terms. T h i s  
assumption l e a d s  t o  t h e  k inemat ic  wave e q u a t i o n ,  which 
i s  an  e q u a t i o n  o f  p u r e  convec t ion .  



b .  D i f f u s i v e  Wave Approximation. Th is  method i s  based on 
t h e  assumption t h a t  t h e  i n e r t i a  ( l o c a l  and c o n v e c t i v e )  
terms o f  t h e  e q u a t i o n  of motion a r e  n e g l i g i b l e  a s  com- 
pared  w i t h  t h e  g r a v i t y ,  bottom f r i c t i o n ,  and p r e s s u r e  
g r a d i e n t  terms. This  assumption l e a d s  t o  t h e  d i f f u s i v e  
wave e q u a t i o n  which i s  an  e q u a t i o n  d e s c r i b i n g  convec t ive  
d i f f u s i o n .  

c .  Dynamic Wave Rout ing.  Th is  method c o n s i d e r s  t h e  complete 
e q u a t i o n  of motion.  I t  i s  o f t e n  r e f e r r e d  t o  a s  f u l l  
dynamic r o u t i n g .  I t  i s  t h e  most g e n e r a l  model f o r  f lood  
r o u t i n g .  

The Muskingum method w i t h  improvement by Cunge (1969) can be  shown 
t o  be based on a  d i s c r e t i z a t i o n  of t h e  c o n v e c t i o n - d i f f u s i o n  e q u a t i o n .  
T h e r e f o r e ,  it can p r o p e r l y  be  c l a s s i f i e d  a s  a  d i f f u s i o n  wave model. 

4 .  Water and Sediment Routing: c l a s s i f i c a t i o n  based on t h e  
method of fo rmula t ing  t h e  problem. 
a .  S e q u e n t i a l  Routing Method. The e q u a t i o n s  o f  wa te r  

c o n t i n u i t y  and motion a r e  s o l v e d  a s  a  f i r s t  s t a g e  and 
changes i n  bed e l e v a t i o n  a r e  c a l c u l a t e d  u s i n g  t h e  s e d i -  
ment c o n t i n u i t y  e q u a t i o n  i n  a  second s t a g e .  

b .  Known-Discharge Method. S i n c e  t h e  speed of t h e  bed 
t r a n s i e n t s  i s  s e v e r a l  o r d e r s  of magnitude s m a l l e r  t h a n  
t h a t  o f  wa te r  t r a n s i e n t s ,  w a t e r  d i s c h a r g e  can b e  assumed 
s t e a d y  when modeling bed t r a n s i e n t s .  The problem can be  
fo rmula ted  i n  terms of t h e  sediment  c o n t i n u i t y  e q u a t i o n  
and t h e  s t e a d y  wate r  s u r f a c e  p r o f i l e  (backwater)  equa- 
t i o n .  

5. C l a s s i f i c a t i o n  based on t h e  s o l u t i o n  t echn ique .  
a .  A n a l y t i c a l  Rout ing.  The governing e q u a t i o n s  a r e  s o l v e d  

s t r i c t l y  by a n a l y t i c a l  means. Examples a r e  t h e  d i f f u s i o n  
analogy of  Hayami and t h e  l i n e a r  r o u t i n g  of Dooge. 

b .  Numerical Rout ing.  The governing e q u a t i o n s  a r e  s o l v e d  by 
numerical  methods, such a s  t h e  method of  c h a r a c t e r i s t i c s ,  
t h e  f i n i t e  d i f f e r e n c e  method, and t h e  f i n i t e  e lement  
method. 

11.3 NUMERICAL MODELING 

The governing e q u a t i o n s  f o r  d e s c r i b i n g  w a t e r  and sediment  movement 
a r e  p r e s e n t e d  i n  Chapter  5 .  T h i s  s e c t i o n  p r e s e n t s  s e v e r a l  b a s i c  con- 
c e p t s  r e g a r d i n g  t h e  u s e  o f  f i n i t e  d i f f e r e n c e  methods i n  open channel  
f low computat ions .  The emphasis throughout  t h i s  s e c t i o n  i s  on develop- 
i n g  t h e  p roper  background f o r  a  b e t t e r  unders tand ing  o f  numerical  
p r o p e r t i e s  o f  f i n i t e  d i f f e r e n c e  s o l u t i o n s .  

D i f f e r e n c e  Equa t ions  

A d i f f e r e n c e  e q u a t i o n  i s  a n  a l g e b r a i c  e q u a t i o n  r e l a t i n g  v a l u e s  of 
one o r  more dependent  v a r i a b l e s  ( e . g . ,  d i s c h a r g e  Q o r  s t a g e  y )  
d e f i n e d  on a  d i s c r e t e  domain of one o r  more independent  v a r i a b l e s  ( space  
x  o r  t ime  t) .  The d i s c r e t e  domain i s  r e p r e s e n t e d  a s  a  g r i d  sys tem on 
t h e  x - t  p l a n e .  



The d i f f e r e n c e  e q u a t i o n  i s  o b t a i n e d  by t h e  a p p l i c a t i o n  o f  a  c e r t a i n  
f i n i t e  d i f f e r e n c e  scheme t o  t h e  d i f f e r e n t i a l  e q u a t i o n  d e s c r i b i n g  t h e  
problem under c o n s i d e r a t i o n .  Th is  procedure  a l l o w s  convers ion  o f  a n  
a n a l y t i c a l  s t a t e m e n t  of t h e  problem ( f o r  whlch a  s o l u t i o n  may b e  e i t h e r  
d i f f i c u l t  o r  imposs ib le )  i n t o  an a l g e b r a i c  s t a t e m e n t  f o r  which a  
numerical  s o l u t i o n  can g e n e r a l l y  be made a v a i l a b l e .  

P r o p e r t i e s  of numerical  s o l u t i o n s  a r e  c l o s e l y  a s s o c i a t e d  w i t h  
p r o p e r t i e s  o f  t h e  d i f f e r e n t i a l  e q u a t i o n s  from which t h e y  a r e  d e r i v e d .  
T h e r e f o r e ,  t h e  s t u d y  o f  d i f f e r e n t i a l  e q u a t i o n s  i s  t h e  l o g i c a l  s t a r t i n g  
p o i n t  i n  unders tand ing  t h e  p r o p e r t i e s  of numerical  s o l u t i o n s .  D i f f e r e n -  
t i a l  e q u a t i o n s  can be  o f  two t y p e s :  1) o r d i n a r y  (one independent  
v a r i a b l e )  and 2 )  p a r t i a l  (two o r  more independent  v a r i a b l e s ) .  The 
d i f f e r e n t i a l  e q u a t i o n  t h a t  appears  most commonly i n  h y d r a u l i c  computa- 
t i o n s  i s  t h e  second o r d e r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  i n  two indepen- 
d e n t  v a r i a b l e s  and one dependent v a r i a b l e .  Accordingly ,  t h i s  t y p e  of 
e q u a t i o n  w i l l  b e  d i s c u s s e d  h e r e  i n  d e t a i l .  

D i f f e r e n t i a l  Equa t ions  

The second o r d e r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  can  be  d e r i v e d  by 
combining under t h e  p roper  assumptions  two f i r s t  o r d e r  p a r t i a l  d i f f e r -  
e n t i a l  e q u a t i o n s  o f  wa te r  c o n t i n u i t y  and motion.  I n  g e n e r a l ,  t h e  
l i n e a r  form of  t h i s  e q u a t i o n  i s  

i n  which @ = dependent v a r i a b l e ,  x , y  = independent  v a r i a b l e s ,  and A ,  B ,  
C ,  D ,  E,  F,  and G = c o e f f i c i e n t s .  Equa t ion  11-1 can b e  c l a s s i f i e d  i n t o  
t h e  f o l l o w i n g  t h r e e  t y p e s :  1) e l l i p t i c ,  2) p a r a b o l i c ,  and 3)  h y p e r b o l i c .  

The v a l u e  o f  t h e  d i s c r i m i n a n t  A = B2 - 4AC de te rmines  t h e  t y p e  of 
e q u a t i o n ,  and w i t h  it ,  t h e  p r o p e r t i e s  o f  it s o l u t i o n .  I f  A < 0 ,  t h e  
e q u a t i o n  i s  s a i d  t o  be  o f  e l l i p t i c  t y p e ,  i f  A = 0 ,  t h e  e q u a t i o n  i s  
p a r a b o l i c ,  and i f  A > 0 ,  t h e  e q u a t i o n  i s  of h y p e r b o l i c  t y p e .  A s  a n  
i l l u s t r a t i o n  of t h e s e  c o n c e p t s ,  c o n s i d e r  f i r s t  t h e  Laplace  e q u a t i o n  f o r  
two-dimensional p o t e n t i a l  f low 

I n  Equa t ion  11-2 t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  o f  Equa t ion  11-1 a r e  A = 
1, B F 0 ,  and C = 1. T h e r e f o r e ,  A = - 4 ,  and t h e  Lap lace  e q u a t i o n  i s  of 
t h e  e l l i p t i c  t y p e .  

Consider  a n o t h e r  example, t h a t  of t h e  c o n v e c t i o n - d i f f u s i o n  e q u a t i o n  
which i s  a p p l i c a b l e  t o  f l o o d  p ropaga t ion  problems. I n  i t s  l i n e a r  form, 
it i s  expressed  a s  



Equat ion 11-3 i s  p a r a b o l i c ,  s i n c e  A = -p ,  B = 0 ,  and C = 0, l e a d i n g  t o  
A = 0 .  Fur thermore,  t h e  l i n e a r  wave e q u a t i o n  

i s  of t h e  h y p e r b o l i c  t y p e ,  s i n c e  A = -c2,  B = 0 ,  and C = 1, l e a d i n g  t o  

A = 4c 2 

E l l i p t i c  e q u a t i o n s  a r e  g e n e r a l l y  a s s o c i a t e d  w i t h  e q u i l i b r i u m  o r  
s t e a d y - s t a t e  problems i n  two s p a t i a l  d imensions .  For  example, t h e  
v e l o c i t y  p o t e n t i a l  f o r  s t e a d y  flow of an  incompress ib le  i n v i s c i d  f l u i d  
s a t i s f i e s  L a p l a c e ' s  e q u a t i o n  and i s  t h e  mathemat ical  way o f  e x p r e s s i n g  
t h e  f a c t  t h a t  t h e  r a t e  a t  which such f l u i d  e n t e r s  a  g iven  reg ion  i s  
equa l  t o  t h e  r a t e  a t  which l e a v e s  i t .  The a n a l y t i c a l  s o l u t i o n  of an 
e l l i p t i c  e q u a t i o n  i s  a  f u n c t i o n  o f  t h e  space v a r i a b l e s  x and y  which 
s a t i s f i e s  t h e  d i f f e r e n t i a l  e q u a t i o n  a t  every  p o i n t  of an a r e a  A i n s i d e  
a  domain l i m i t e d  by a  p l a n e  c l o s e d  curve  C (F igure  11-I), and s a t i s f i e s  
c e r t a i n  c o n d i t i o n s  a t  e v e r y  p o i n t  of t h i s  curve .  Those a r e  termed t h e  
boundary c o n d i t i o n s .  Problems a s s o c i a t e d  wi th  e l l i p t i c  e q u a t i o n s  a r e  
sometimes r e f e r r e d  t o  a s  "boundary va lue"  o r  " ju ry"  problems. 

P a r a b o l i c  and h y p e r b o l i c  e q u a t i o n s  a r e  a s s o c i a t e d  w i t h  unsteady 
problems i n  one s p a t i a l  dimension.  I n  c o n t r a s t  t o  t h e  c l o s e d  domain 
t y p i c a l  of t h e  e l l i p t i c  c a s e ,  p a r a b o l i c  and h y p e r b o l i c  problems a r e  
c h a r a c t e r i z e d  by an  "open" domain (F igure  11-2) .  T h e r e f o r e ,  i n  a d d i t i o n  
t o  t h e  d i f f e r e n t i a l  e q u a t i o n s ,  i n i t i a l  c o n d i t i o n s  ( t  = 0 )  and boundary 
c o n d i t i o n s  ( e . g . ,  x  = 0) need t o  be s p e c i f i e d .  Problems a s s o c i a t e d  
w i t h  p a r a b o l i c  and h y p e r b o l i c  e q u a t i o n s  a r e  a l s o  r e f e r r e d  t o  a s  "mixed 
i n i t i a l - b o u n d a r y  value"  o r  "marching" problems, t h e  l a t t e r  o s t e n s i b l y  
because of t h e  manner by which t h e y  propogate  t h e  s o l u t i o n  forward from 
one t ime l e v e l  t o  t h e  n e x t  i n  a  s t ep-by-s tep  f a s h i o n .  

The e s s e n t i a l  d i f f e r e n c e  between p a r a b o l i c  and h y p e r b o l i c  e q u a t i o n s  
i s  t h e  number of s o l u t i o n s .  P a r a b o l i c  e q u a t i o n s  p o s s e s s  on ly  one 
s o l u t i o n ,  whi le  h y p e r b o l i c  e q u a t i o n s  i n v a r i a b l y  l e a d  t o  two s o l u t i o n s .  
The awareness of t h i s  d i f f e r e n c e  can be  s i g n i f i c a n t  i n  t h e  s t u d y  of t h e  
behavior  of numerical  s o l u t i o n s  of p a r a b o l i c  and h y p e r b o l i c  e q u a t i o n s .  

F i n i t e  D i f f e r e n c e  Opera to rs  

A numerical  s o l u t i o n  by a  f i n i t e  d i f f e r e n c e  method r e q u i r e s  t h a t  
t h e  domain of t h e  independent  v a r i a b l e s  (space and t ime)  be d i s c r e t i z e d  
i n t o  a  f i n i t e  number o f  g r i d  p o i n t s .  The s e t  of g r i d  p o i n t s  w i t h i n  t h e  
domain i s  r e f e r r e d  t o  a s  t h e  g r i d  sys tem o r  g r i d  c o n f i g u r a t i o n .  
P r o p e r t i e s  of t h e  numerical  s o l u t i o n ,  namely, s t a b i l i t y ,  c o n s i s t e n c y ,  
and convergence a r e  determined by 1) t h e  p a t t e r n  and s p a c i n g  o f  g r i d  
p o i n t s ,  2 )  t h e  n a t u r e  of t h e  problem be ing  s o l v e d ,  and 3) t h e  s t r u c t u r e  
of t h e  f i n i t e  d i f f e r e n c e  "scheme" used t o  s o l v e  i t .  



Figure 11-1. Schematic portrayal of the closed domain associated 
with elliptic equations. 
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Figure 11-2. Schematical portrayal of the open domain associated 
with parabolic and hyperbolic equations. 



A f i n i t e  d i f f e r e n c e  scheme i s  a  computation molecule  c o n s i s t i n g  of 
one o r  more f i n i t e  d i f f e r e n c e  o p e r a t o r s .  D i f f e r e n c e  o p e r a t o r s  can be 
o f  t h e  f o l l o w i n g  t h r e e  t y p e s :  1 )  forward,  2 )  backward, and 3 )  c e n t r a l .  
For i n s t a n c e ,  t h e  d i f f e r e n t i a l  o p e r a t o r  &$/ax can be d i s c r e t i z e d  on 
t h e  x domain around g r i d  p o i n t  j u s i n g  a  forward d i f f e r e n c e  o p e r a t o r  
( 4 .  - $ . ) / a x ,  a  backward d i f f e r e n c e  o p e r a t o r  (4.-Q.-l) /Ax, o r  a c e n t r a l  
d i j f k r e d c e  o p e r a t o r  ( 4 .  - )/ZAx, (F igure  11J3)! 

~ + 1  3 - 1  

I n  o r d e r  t o  s t u d y  t h e  p r o p e r t i e s  o f  d i f f e r e n c e  o p e r a t o r s ,  t h e  
f u n c t i o n  $ i s  assumed t o  be expanded i n  Tay lor  s e r i e s ,  l e a d i n g  t o  

The o r d e r  of approximat ion ( o r d e r  o f  e r r o r )  o f  the  forward 
d i f f e r e n c e  o p e r a t o r  can be ob ta ined  from Equa t ion  11-5 

i n  which o(Ax) d e n o t e s  t h e  o r d e r  o f  e r r o r ,  g iven  by t h e  exponent o f  Ax.  

Forward Di f ference 
-- 

A P a --C 

j - l  j j+ l x 

Backward Di f ference 

Central Di f ference 

rb n A rl t 

j - l  j jt l x 

F i g u r e  11-3. D i f f e r e n c e  o p e r a t o r s .  



Likewise ,  t h e  o r d e r  of e r r o r  o f  t h e  backward d i f f e r e n c e  o p e r a t o r  
can be  o b t a i n e d  from Equat ion 11-6 

Here a g a i n ,  t h e  e r r o r  i s  of f i r s t  o r d e r .  F i n a l l y ,  s u b s t r a c t i n g  Equa t ion  
11-6 from Equat ion 11-5 

which shows t h a t  t h e  e r r o r  of t h e  c e n t r a l  d i f f e r e n c e  o p e r a t o r  i s  of 
second o r d e r .  

On t h e  b a s i s  of t h e  fo rego ing  a n a l y s i s ,  it i s  concluded t h a t  t h e  
o f f - c e n t e r e d  ( forward and backward) d i f f e r e n c e  o p e r a t o r s  l e a d  t o  f i r s t  
o r d e r  e r r o r s ,  w h i l e  t h e  c e n t r a l  o p e r a t o r  l e a d s  t o  second o r d e r  e r r o r s .  
For  t h e  same g r i d  spac ing  ( A x ) ,  second o r d e r  e r r o r s  a r e  s m a l l e r  t h a n  
f i r s t  o r d e r  e r r o r s .  S t a t e d  i n  more g e n e r a l  t e r m s ,  t h e  h i g h e r  t h e  o r d e r  
of t h e  e r r o r ,  t h e  c l o s e r  t h e  approximat ion of t h e  numer ica l  s o l u t i o n  t o  
t h e  a n a l y t i c a l  s o l u t i o n .  T h i s  fundamental  p r o p e r t y  o f  d i f f e r e n c e  
o p e r a t o r s  i s  o f  s i g n i f i c a n t  v a l u e  i n  connec t ion  w i t h  t h e  problem of  
s t a b i l i t y ,  c o n s i s t e n c y  and convergence t o  be  discussed l a t e r  i n  t h i s  

k c h a p t e r .  

11 .4  TYPES OF FINITE DIFFERENCE SCHEMES 

F i n i t e  d i f f e r e n c e  schemes can be e i t h e r  e x p l i c i t  o r  i m p l i c i t .  
E x p l i c i t  schemes l e a d  t o  a  d i f f e r e n c e  e q u a t i o n  c o n t a i n i n g  o n l y  one 
unknown v a r i a b l e .  For  i n s t a n c e ,  i n  F i g u r e  11-4,  t h e  v a l u e s  of 4 a r e  
known a t  t ime  l e v e l  n  and unknown a t  t ime l e v e l  ( d l )  . An e x p l i c i t  
scheme f o r  t h e  d i f f u s i o n  e q u a t i o n  

from which t h e  unknown v a l u e  of $ytl can be  c a l c u l a t e d  d i r e c t l y  

I m p l i c i t  schemes 
one unknown v a r i a b l e  
(F igure  11-5) 

l e a d  t o  a  d i f f e r e n c e  e q u a t i o n  c o n t a i n i n g  more t h a n  
An i m p l i c i t  scheme f o r  t h e  d i f f u s i o n  e q u a t i o n  i s  



Figure 11-4. Grid configuration for an explicit scheme of the 
diffusion equation. 

Figure 11-5. Grid configuration for an implicit scheme of the 
diffusion equation. 



in which the unknowns occur in triads and the solution requires the 
inversion of a matrix. 

Explicit Compared with Implicit Schemes. The choice between 
explicit and implicit schemes generally involves considerations of the 
cost of program development compared with the cost of program operation. 
Explicit schemes are easy to formulate and program for use with a com- 
puter, resulting in lower development costs. However, they are usually 
subject to a strict stability condition that effectively places an upper 
limit on the size of the time step that can be taken in practice. 

Implicit schemes on the other hand are free from the stability 
condition usually imposed on explicit schemes. Therefore, there is no 
limitation on the size of the time step for stability reasons. The time 
step, however, cannot be chosen to be arbitrarily large. Care should 
be taken to ensure that the continuum problem is being properly discre- 
tized. For instance, large errors would result if a hydrograph of 24-hr 
duration (T=24) is simulated by using a time step of 12 hours (At=12). 

Not all explicit schemes are subject to a stability condition. For 
instance, for convection-diffusion problems, unconditionally stable 
explicit schemes can be formulated. Furthermore, implicit schemes can- 
not be regarded as altogether free from stability problems. Instability 
due to nonlinear interation, roundoff errors, improper boundary condi- 
tions, etc. are often present in computations using an implicit scheme. 
The use of weighting factors (off-centering the temporal or spatial 
derivatives) is common in this connection, ostensibly to allow the 
operation of an otherwise unstable numerical scheme. 

The advantage of being able to use a comparatively larger time step 
with implicit schemes is somewhat offset by the additional complications 
involved, including the need to solve large sets of simultaneous 
equations. Still, the choice between explicit and implicit schemes 
remains primarily one of cost, although convenience and efficiency play 
a significant role. 

1 1.5 STABILITY AND CONVERGENCE 

The properties of numerical solutions are conveniently discussed in 
terms of the concepts of stability and convergence. In order to illus- 
strate these concepts, the following definitions are introduced. When 
D, A, and N are the solution to the differential equation, the solution 
to the difference equation, and the numerical (actual) solution, respec- 
tively and the quantity (A-N) is defined as the roundoff error. It 
exists because of the inability of the computer to carry out the 
numerical computations to an infinite number of decimal places. The 
quantity (D-A) is the discretization error due to the finite distance 
between 'two neighboring grid points. Stability is associated with 
conditions such that the roundoff error is small throughout the region 
of integration. Convergence is related to the size of the discretiza- 
tion error. 

. Stability 

In general, stability refers to the ability of a numerical scheme 
to inhibit error growth. An unstable scheme is that in which a certain 



type of numerical e r r o r  (usua l ly  roundoff e r r o r )  i s  allowed t o  grow 
unbounded u n t i l  it eventua l ly  s p o i l s  t he  c a l c u l a t i o n s .  Causes of 
i n s t a b i l i t y  a r e  r e l a t e d  t o  1)  t h e  type of d i f f e r e n t i a l  equat ion ( e . g . ,  
o r d i n a r y l p a r t i a l ,  f i r s t  order/second o r d e r ,  l i n e a r l n o n l i n e a r ) ,  2 )  t h e  
type of continuum system ( e . g . ,  e l l i p t i c ,  pa rabo l i c ,  o r  hyperbol ic  i n  
t he  case of l i n e a r  second p a r t i a l  d i f f e r e n t i a l  equa t ions ) ,  and 3) t h e  
type of f i n i t e  d i f f e r ence  scheme ( e x p l i c i t  o r  i m p l i c i t ) .  

E x p l i c i t  schemes of hyperbol ic  systems a r e  s u b j e c t  t o  t he  Courant- 
Friedrichs-Lewy s t a b i l i t y  c r i t e r i o n .  This c r i t e r i o n  s t a t e s  t h a t  f o r  
s t a b i l i t y  t o  be maintained, it i s  necessary t h a t  t h e  domain of 
dependence of t he  d i f f e r ence  equat ion encompass t h e  domain of dependence 
of the  d i f f e r e n t i a l  equat ion (Figure 11-6). This  leads  t o  

i n  which c  = phase v e l o c i t y  of t h e  phys ica l  wave. For a  given c  and 
Ax, Equation 11-13 e f f e c t i v e l y  imposes an upper l i m i t  on t h e  s i z e  of A t  
t h a t  can be used i n  p r a c t i c e .  This may o f t e n  r e s u l t  i n  an i n e f f i c i e n t  
computation due t o  t h e  l a r g e  number of time s t eps  necessary t o  so lve  a  
p a r t i c u l a r  problem. 

In  i m p l i c i t  schemes, t he  domain of dependence of t h e  d i f f e r e n c e  
equat ion e n t i r e l y  encompasses t h e  domain of dependence of t h e  s o l u t i o n  
(Figure 11-7).  Therefore,  i m p l i c i t  schemes a r e  - n o t  l imi t ed  by t h e  
Courant-Friedrichs-Lewy c r i t e r i o n .  Thei r  uncondi t iona l  s t a b i l i t y  al lows 
the  use of l a r g e r  t ime s t eps  than those  usua l ly  poss ib l e  wi th  e x p l i c i t  
schemes. The time s t e p ,  however, cannot be chosen a r b i t r a r i l y  l a r g e .  
There i s  a  p r a c t i c a l  l i m i t  d i c t a t e d  by the  g r i d  r e s o l u t i o n  above which 
accuracy would be considerably impaired. In  order  t o  remain wi th in  
reasonable e r r o r  bounds, experience d i c t a t e s  t h a t  t h e  va lue  of T/At 
should be g r e a t e r  than 15. 

I m p l i c i t  schemes a r e  not t o t a l l y  f r e e  from s t a b i l i t y  problems. 
I n s t a b i l i t i e s  of a  d i f f e r e n t  na ture  ( e . g . ,  nonl inear  i n t e r a c t i o n ,  
improper boundary condi t ions)  can sometimes plague computations us ing  an 
i m p l i c i t  " scheme. As an i l l u s t r a t i o n  of t h i s  f a c t ,  t h e  Preissmann 
i m p l i c i t  scheme (L igge t t  and Cunge, 1975) when used i n  connection with 
the  S a i n t   ena ant equat ions ,  can lead  t o  i n s t a b i l i t i e s  f o r  c e r t a i n  values 
of t he  weighting f a c t o r .  In  t h e  Preissmann scheme, t h e  s p a t i a l  der iva-  
t i v e  &)/ax i s  d i s c r e t i z e d  a s  

i n  which 0 = weighting f a c t o r ,  r e s t r i c t e d  i n  t h e  range 0.5 < 8 < 1 .0 .  
Within t h i s  range,)the lower the  value of 8, t h e  more t h e  l i ke l ihood  of 
i n s t a b i l i t y .  I n  p r a c t i c e ,  values of 0 < 0.55 a r e  used t o  suppress  any 
uns tab le  tendencies  which may tend t o  develop during the  computations.  

Consistency and Convergence 

Consistency r e f e r s  t o  t h e  a b i l i t y  of a  numerical scheme t o  produce 
a  s o l u t i o n  t h a t  approaches the  a n a l y t i c a l  s o l u t i o n  a s  t h e  d i s c r e t i z a t i o n  
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Figure 11-6. Schematic illustrating the stability condition 
of explicit schemes. 

\ Init ial Conditions 

Figure 11-7. Characteristic structure illustrating the unconditional 
stability of implicit schemes. 



is made exceedingly small. Convergence is a measure of the size of the 
discretization errors in any one numerical solution. These concepts are 
conveniently illustrated by the use of error portraits, as shown in 
Figure 11-8. In this figure grid resolution. (spatial L/Ax or temporal 
T/At) is plotted on the abscissas and convergence ratio R defined as 
the ratio of numerical to analytical solutions is plotted on the 
ordinates. The property of consistency is illustrated by comparing the 
error portraits of schemes labeled A and B. As the grid resolution 
increases, scheme A is shown to be consistent with the differential 
equation and the reverse is true of scheme B. 

Figure 11-8. Schematic error portraits illustrating the concepts 
of consistency and convergence. 

The property of convergence is illustrated by comparing the errors 
portraits of schemes A and C. While both schemes may be in error for 
low values of grid resolution, it is apparent that for the same 
accuracy, scheme C requires a much higher value of grid resolution. 
Scheme A is said to "converge faster" than scheme C. 

In explicit schemes, (convergence is usually associated with a 
certain grid configuration which is a. function of the properties of the 
continuum problem. For instance, the convection equation 



i n  which C = c o n c e n t r a t i o n ,  can be d i s c r e t i z e d  u s i n g  t h e  upstream 
d i f f e r e n c i n g  scheme (F igure  11-9) 

I n  t h i s  c a s e ,  optimum convergence (R+1) i s  ach ieved  when t h e  
computat ional  t ime s t e p  At e q u a l s  t h e  c h a r a c t e r i s t i c  t i m e  s t e p  
g iven  a s  

S i n c e  t h i s  i s  p r e c i s e l y  t h e  upper  l i m i t  from t h e  s t a b i l i t y  s t a n d p o i n t ,  
i t  i s  common p r a c t i c e  t o  s e t  A t  = 0 . 9  A t c ,  a s s u r i n g  b o t h  s t a b i l i t y  and 
reasonab ly  adequa te  convergence p r o p e r t i e s .  

I n  i m p l i c i t  schemes, convergence i s  a s s o c i a t e d  w i t h  a  c e r t a i n  
combination of we igh t ing  f a c t o r  and g r i d  r e s o l u t i o n .  I n  g e n e r a l ,  t h e  
c l o s e r  t h e  we igh t ing  f a c t o r  i s  t o  a  c e n t r a l  v a l u e  ( e .  g . ,  0+0.5), t h e  
b e t t e r  a r e  t h e  convergence p r o p e r t i e s  of t h e  numerical  s o l u t i o n  a s  
i l l u s t r a t e d  by F i g u r e  11-10. 

S t a b i l i t y  Compared w i t h  Convergence 

Genera l ly  speak ing ,  p r o p e r t i e s  o f  s t a b i l i t y  and convergence a r e  a t  
odds i n  numerical  modeling a p p l i c a t i o n s  i - e . ,  t h e  more s t a b l e  t h e  model, 
t h e  l e s s  convergent  it i s .  T h e r e f o r e ,  t h e  t a s k  i s  t o  s e e k  a n  optimunl 
compromise between t h e  c o n f l i c t i n g  demands of s t a b i l i t y  and convergence.  
To t h e  e x t e n t  t h a t  t h i s  can be done,  numerical  modeling remains a  
powerful  t o o l  f o r  t h e  s o l u t i o n  o f  unsteady open channel  f low problems.  

11 .6  WATER AND SEDIMENT ROUTING 

The p h y s i c a l  p r o c e s s e s  governing watershed and r i v e r  r e s p o n s e s  a r e  
v e r y  compl ica ted .  F i g u r e  11-11 i l l u s t r a t e s  some key e lements  i n  t h e  
mathemat ical  modeling of watershed and r i v e r  r e s p o n s e s .  *As mentioned 
p r e v i o u s l y  f u r t h e r  approximat ion o f  system response u t i l i z i n g  numer ica l  
modeling t e c h n i q u e s  can be made by assuming t h e  f o l l o w i n g  c o n d i t i o n s :  
1 )  uns teady  f low c o n d i t i o n s  by k inemat ic  wave approx imat ion ,  d i f f u s i o n  
wave approx imat ion ,  and dynamic wave approx imat ion ,  and 2) known 
d i s c h a r g e  c o n d i t i o n s .  For  p r a c t i c a l  a p p l i c a t i o n  t o  t h e  d e s i g n  problems,  
a  known d i s c h a r g e  approach i s  u s u a l l y  v a l i d  due t o  r e l a t i v e l y  s h o r t  
s t u d y  reaches  and i n  adequacy of d e t a i l e d  i n f o r m a t i o n .  A g e n e r a l  
numerical  s o l u t i o n  scheme was d i s c u s s e d  i n  t h e  l a s t  s e c t i o n .  Charac te r -  
i s t i c s  of a n  a l l u v i a l  r i v e r  system can be e v a l u a t e d  u t i l i z i n g  t h e s e  
t o o l s .  R i v e r  systems a r e  dynamic and g e n e r a l l y  i n  a  con t inuous  s t a t e  of 
change and t h e  r a t e  a t  which a  streambed w i l l  degrade o r  aggrade  can be  
e s t i m a t e d  from sediment  t r a n s p o r t  c a l c u l a t i o n s .  E v a l u a t i o n  o f  t h e  
s p a t i a l  e x t e n t  of change i s  r e l a t e d  t o  t h e  l o c a t i o n  o f  c o n t r o l  p o i n t s  
i n  t h e  r i v e r .  Use o f  d e g r a d a t i o n  and a g g r a d a t i o n  a n a l y s i s  w i l l  p r o v i d e  
t h e  n e c e s s a r y  i n f o r m a t i o n  t o  1 )  e v a l u a t e  t h e  s t a b i l i t y  of t h e  h y d r a u l i c  
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Figure 11-9. Grid configuration for the upstream differencing 
scheme of the convection equation. 

Figure 11-10. Schematic error portraits illustrating the effect 
of the weighting factor on convergence. 
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Figure  11-11. Key elements i n  t h e  watershed and r i v e r  a n a l y s i s .  



s t r u c t u r e s ,  2) determine t h e  l a t e r a l  m i g r a t i o n  t e n d e n c i e s  of t h e  
c h a n n e l s ,  3) e s t i m a t e  t h e  e x t e n t  o f  expected g e n e r a l  downstream channe l  
scour., 4) determine t h e  p o t e n t i a l  l o c a l  s c o u r  around s t r u c t u r e s ,  and 5) 
e s t i m a t e  t h e  long-term e f f e c t s  o f  sediment d e g r a d a t i o n  and a g g r a d a t i o n  
on t h e  w a t e r  . s u r f a c e  p r o f i l e .  

A s imple  c a l c u l a t i o n  o f  d e g r a d a t i o n  o r  a g g r a d a t i o n  may be o b t a i n e d  
u s i n g  a  method based on t h e  sediment c o n t i n u i t y  e q u a t i o n .  Assuming no 
l a t e r a l  i n f l o w ,  t h e  sediment c o n t i n u i t y  e q u a t i o n  may be w r i t t e n  a s  

where Qs i s  volume sediment d i s c h a r g e ,  A i s  bed m a t e r i a l  p o r o s i t y ,  
A i s  change i n  c r o s s - s e c t i o n a l  bed a r e a ,  t i s  t i m e ,  and x  i s  d i s t a n c e .  s 
I n  s imple  f i n i t e  d i f f e r e n c e  fo rmula t ions  

There fore ,  t h e  change i n  a r e a  may be  c a l c u l a t e d  a s  

The change i n  Q may be  expressed  a s  
S 

where 
Bi 

i s  t h e  channel  wid th  a t  S t a t i o n  i and qs i s  t h e  sediment  
i 

volume d i s c h a r g e  p e r  u n i t  wid th  a t  S t a t i o n  i. I n  a d d i t i o n ,  As may be  
expressed  a s  

where Az i s  t h e  average  change . in  bed e l e v a t i o n .  Equa t ing  Equa t ions  
11-20 and 11-22 y i e l d s  

o r  u s i n g  Equat ion 11-21 

T h i s  change i n  bed e l e v a t i o n  i s  an average  change over  t h e  e n t i r e  
A x .  If t h e r e  i s  a  c o n t r o l  a t  t h e  downstream end,  t h e  average-change  i n  
bed e l e v a t i o n  should be  r e d i s t r i b u t e d  over  Ax g i v i n g  no change a t  t h e  
downstream end and 2Az a t  t h e  upstream end.  Equa t ion  11-24 may b e  



used i n  c o n j u n c t i o n  w i t h  a  t r a n s p o r t  e q u a t i o n  t o  p r o v i d e  f o r  dynamic 
s l o p e .  Tha t  i s ,  i f  t h e  wa te r  hydrograph i s  subd iv ided  i n t o  s e v e r a l  
Ats .  The degrada t ion-aggrada t ion  e q u a t i o n  may be r u n  f o r  t h e  f i r s t  A t  
and t h e  s l o p e  updated by 2Az. Then t h e  new s l o p e  may b e  used i n  t h e  
t r a n s p o r t  e q u a t i o n  t o  c a l c u l a t e  a  new v a l u e  of q  . T h i s  q  may t h e n  

S 
s e r v e  a s  i n p u t  t o  t h e  aggrada t ion-degrada t ion  e q u a t i o n ,  a n 8  s o  f o r t h .  

Two examples of a p p l i c a t i o n  of wa te r  and sediment  r o u t i n g  
t e c h n i q u e s  t o  s o l v e  e n g i n e e r i n g  problem fo l low.  

11.7 DEGRADATION BELOW A DAM (T OR C ,  WILLIAMSBURG WATERSHED, 
NEW MEXICO) 

General  

P r e s e n t e d  i n  t h i s  s e c t i o n  i s  a n  a n a l y s i s  of d e g r a d a t i o n  below t h e  
emergency s p i l l w a y  c h u t e  o f  t h e  S i t e  8C, T o r  C ,  Wil l iamsburg Watershed,  
New Mexico. The s t r u c t u r e  proposed by t h e  S o i l  Conserva t ion  S e r v i c e  i s  
a  s i n g l e - p u r p o s e  f l o o d  r e t a r d i n g  s t r u c t u r e .  The dam w i l l  be l o c a t e d  i n  
Mud Spr ings  Canyon about  one m i l e  upstream from Will iamsburg and abou t  
one and one-half  m i l e s  from i t s  conf luence  w i t h  t h e  Ric  Grande (USDA 
S o i l  Conservat ion S e r v i c e ,  1977) .  

The a n a l y s i s  i n v o l v e s  t h e  d e t e r m i n a t i o n  o f  t h e  magnitude of 
d e g r a d a t i o n  t o  be  expec ted  downstream from t h e  emergency s p i l l w a y  c h u t e  
d u r i n g  passage  of t h e  d e s i g n  hydrograph. Such an  a n a l y s i s  i s  r e q u i r e d  
t o  de te rmine  how f a r  t h e  b a f f l e d  o u t l e t  end o f  t h e  c h u t e  must extend 
below t h e  p r e s e n t  channel  grade t o  accommodate d e g r a d a t i o n .  I n  o r d e r  t o  
p rov ide  enough i n f o r m a t i o n  f o r  an  adequate  d e s i g n  t h r e e  d i f f e r e n t  condi-  
t i o n s  t h a t  d e p i c t  t h e  f u t u r e  water  and sediment in f lows  t o  t h e  dam p r i o r  
t o  t h e  occur rence  of t h e  f r e e b o a r d  hydrograph were cons idered  i n  t h i s  
s t u d y  . 

Case I c o n s i d e r s  t h a t  t h e  r e s e r v o i r  i s  90 p e r c e n t  f i l l e d  w i t h  
sediment  r e s u l t i n g  from a  s e r i e s  of s m a l l  f l o o d s ,  p r i o r  t o  t h e  occur-  
r ence  o f  t h e  f r e e b o a r d  hydrograph. These smal l  f l o o d s  p a s s  a l l  of  t h e  
f low th rough  t h e  p r i n c i p a l  s p i l l w a y .  Degradat ion due t o  t h e  f r e e b o a r d  
hydrograph would be  n e g l i g i b l e  and t o t a l  expected s c o u r  d e p t h  below t h e  
s t r u c t u r e  i s  e q u a l  t o  t h e  g e n e r a l  scour  dep th  r e s u l t i n g  from f lows 
th rough  t h e  p r i n c i p a l  s p i l l w a y .  

Case I1 assumes t h a t  immediately fo l lowing  t h e  c l o s u r e  o f  t h e  dam, 
wa te r  s t o r a g e  has  reached t h e  t o p  o f  t h e  dam (EL. 4880:5')  and t h e  s e d i -  
ment s t o r a g e  c a p a c i t y  has  enough room f o r  t h e  sediment  y i e l d  a s s o c i a t e d  
wit.h t h e  f r e e b o a r d  hydrograph. Under t h i s  c o n d i t i o n ,  t h e  emergency 
s p i l l w a y  c h u t e  would pass  t h e  f r e e b o a r d  hydrograph w i t h  e s s e n t i a l l y  
c l e a r  w a t e r .  T h i s  i s  becduse n e a r l y  a l l  o f  t h e  sediment w i l l  be  t r a p p e d  
upstream of  t h e  f l o o d  r e t a r d i n g  s t r u c t u r e .  

The t h i r d  c o n d i t i o n  (Case 111) r e p r e s e n t s  t h e  w o r s t  p o s s i b l e  
c o n d i t i o n  which assumes t h a t  a f t e r  85 y e a r s  of o p e r a t i o n ,  two 50-year  
f l o o d s  and one 100-year f l o o d  occur  p r i o r  t o  t h e  p a s s i n g  of t h e  f r e e -  
board  hydrograph. T o t a l  expected s c o u r  i s  t h e  sum o f  t h e  g e n e r a l  s c o u r  
due t o  f lows through t h e  p r i n c i p a l  s p i l l w a y  f o r  85 y e a r s  o f  o p e r a t i o n  



and t h e  genera l  and l o c a l  scour r e s u l t i n g  from a sequence of two 50-year 
f l oods ,  one 100-year f lood ,  and t h e  freeboard hydrograph. This condi t ion  
i s  very un l ike ly  t o  occur ,  y e t  c o n s t i t u t e s  t h e  worst p o s s i b l e  condi t ion  
i n  determining t h e  degradat ion below the  emergency sp i l lway s t r u c t u r e .  

Determination of t h e  change i n  sediment s to rage  i s  v i t a l  f o r  
eva lua t ion  of both Case I and Case 111. This  r equ i r e s  e s t ima t ion  of 
annual sediment y i e l d  and sediment y i e l d s  r e s u l t i n g  from var ious  s i z e s  
of storms on the  watershed. Sediment y i e l d  i s  determined by a  combina- 
t i o n  of t h e  Universal  S o i l  Loss Equation modified by Williams (1975) and 
t h e  Meyer-Peter, Muller bed load equat ion (USBR, 1960). 

The magnitude of scour  i s  determined u t i l i z i n g  a  sediment rout ing  
procedure t h a t  cons iders  s i z e  f r a c t i o n s  of bed m a t e r i a l .  This  computa- 
t i o n a l  procedure involves use of a  sediment t r a n s p o r t  equat ion ,  sediment 
con t inu i ty  equat ion,  t h e  armoring e f f e c t  of coarse m a t e r i a l s ,  and 
channel geometry equat ions .  Hence, t he  mathematical model i s  developed 
according t o  phys ica l  p r i n c i p l e s  governing water and sediment t r a n s p o r t ,  
degradat ion,  and armoring processes .  Both l o c a l  scour  immediately below 
t h e  s t r u c t u r e  and general  scour p ivot ing  from a downstream con t ro l  po in t  
a r e  considered i n  t h e  a n a l y s i s .  

Assuming. t h e  downstream con t ro l  i s  loca ted  a t  t h e  confluence with 
t h e  Rio Grande (S ta t ion  161 + 70) ,  a  scour depth from t h e  presence l e v e l  
of 15 .1  f e e t  i s  expected f o r  t he  Case I condi t ion .  Under Case 11, t o t a l  
scour  depth from the  present  l e v e l  i s  18.9 f e e t .  For the  worst condi- 
t i o n  of Case 111, est imated scour depth from the  p re sen t  bed l e v e l  i s  
34.7 f e e t .  I n  t h i s  case ,  t h e  lowest bed e l e v a t i o n  a f t e r  experiencing 
the  design f loods  i s  4352.3 f e e t .  

Mathematical Model 

S p a t i a l  Designat ion.  The general  layout  and topographic map of the  
s tudy s i t e  i s  given i n  Figure 11-12. The dam w i l l  be cons t ruc ted  of 
clayey sand and-gravel and will be about 88 f e e t  high wi th  a  20-foot  top 
width and a  c r e s t  l ength  of approximately 1920 f e e t .  This  would provide 
s to rage  t h a t  would extend a t  l e a s t  3100 f e e t  upstream of t h e  dam. With 
t h i s  length  of r e s e r v o i r  and not ing t h a t  t h e  median bed m a t e r i a l  diam- 
e t e r  i s  10 mm, nea r ly  a l l  of t h e  incoming sediment w i l l  d epos i t  upstream 
of t h e  s t r u c t u r e ,  un less  t h e  r e s e r v o i r  i s  f i l l e d  wi th  sediment. The 
p r i n c i p a l  sp i l lway a s  planned is  a  3'-0" x 4'-0" re inforced  concre te  box 
conduit ,  without con t ro l  ga t e s  and i s  designed t o  pass  a  maximum flow 
r a t e  of 400 c f s .  I f  t h e  s t r u c t u r e  func t ions  p rope r ly ,  floodwater 
r e s u l t i n g  from a 100-year f lood would be s to red  i n  t h e  regervoi r  
temporari ly  and would slowly pass  through t h e  p r i n c i p a l  sp i l lway.  The 
emergency sp i l lway cons i s t s  of a  concrete  b a f f l e d  chute having a  width 
of 200 f e e t ,  a  depth of 12.1 f e e t ,  and a  c r e s t  e l e v a t i o n  of 4468.4 f e e t .  
The s i d e  wal l s  of t h e  ba f f l ed  chute were designed t o  accommodate a  
f reeboard hydrograph discharge of 25,057 c f s  and t h e  blocks designed f o r  
two-thirds  of t h e  freeboard d ischarge ,  16,700 c f s  (USDA S o i l  Conserva- 
t i o n  Serv ice ,  1977). The proposed r e se rvo i r  has a  s to rage  capac i ty  of 
2297 ac re - f ee t .  O f  t h i s  830 a c - f t  a r e  provided t o  s t o r e  100 yea r s  of 
sediment supply and 1467 ac re - f ee t  a r e  f o r  t h e  f lood  water s to rage  f o r  





t h e  100-year f l o o d  w i t h  24-hours d u r a t i o n .  Assuming 90 p e r c e n t  t r a p p i n g  
e f f i c i e n c y  o f  t h e  r e s e r v o i r ,  a  maximum sediment  s t o r a g e  c a p a c i t y  of 2067 
a c r e - f e e t  can o c c u r .  

S t a b i l i t y  o f  t h e  emergency s p i l l w a y  b a f f l e d  c h u t e  r e q u i r e s  t h a t  it 
be des igned s o  t h a t  t h e  u l t i m a t e  s c o u r  d u r i n g  t h e  passage  o f  t h e  f r e e -  
board hydrograph does n o t  cause  f a i l u r e  o f  t h e  s t r u c t u r e .  The purpose  of 
t h e  d e g r a d a t i o n  s t u d y  i s  t o  determine t h e  u l t i m a t e  s c o u r  below t h e  
b a f f l e d  c h u t e  f o r  t h e  f r e e b o a r d  d i s c h a r g e s  s o  t h a t  p r o p e r  des ign  
measures can be  t a k e n  t o  a s s u r e  t h e  s t a b i l i t y  o f  t h e  s t r u c t u r e .  Th i s  
r e q u i r e s  e s t i m a t i n g  b o t h  t h e  l o c a l  s c o u r  immediately below t h e  s t r u c t u r e  
and t h e  g e n e r a l  s c o u r  p i v o t i n g  from a  downstream c o n t r o l  p o i n t .  A 
mathemat ical  model was developed t o  s i m u l a t e  t h e s e  s c o u r  p r o c e s s e s .  
S p a t i a l  arrangement of t h e  s t r u c t u r e  f o r  a n a l y s i s  u t i l i z i n g  t h e  mathe- 
m a t i c a l  model i s  g iven  i n  F i g u r e  11-13. 

Temporal R e p r e s e n t a t i o n .  I n  o r d e r  t o  p r o v i d e  enough i n f o r m a t i o n  
f o r  an  adequate  d e s i g n ,  t h r e e  c o n d i t i o n s  r e p r e s e n t i n g  d i f f e r e n t  
sequences o f  wa te r  and sediment in f lows  t o  t h e  dam p r i o r  t o  t h e  occur-  
rence o f  t h e  f r e e b o a r d  hydrograph were cons idered .  These t h r e e  condi-  
t i o n s  were o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n .  F o r  de te rmin ing  sediment 
in f low r a t e s ,  a n  a n a l y s i s  of sediment y i e l d  i s  necessa ry .  

Est imated annua l  sediment y i e l d  u t i l i z i n g  t h e  p rocedure  recommended 
by A g r i c u l t u r a l  Research S e r v i c e  (1976) i s  8 .4  a c r e - f e e t  which i s  c l o s e  
t o  8.3 a c r e - f e e t  e s t i m a t e d  by USDA S o i l  Conserva t ion  S e r v i c e .  However, 
t o t a l  sediment y i e l d  c o n s i s t s  of b o t h  wash l o a d  and bed m a t e r i a l  l o a d .  
The procedure  recommended b y  A g r i c u l t u r a l  Research S e r v i c e  (1976) g i v e s  
t h e  e s t i m a t i o n  of sediment  y i e l d  f o r  p a r t i c l e s  s m a l l e r  t h a n  2 .0  mm. 
Th i s  s i z e  of p a r t i c l e  i s  e s s e n t i a l l y  t h e  upper  bound of  t h e  wash load  
c o n s i d e r i n g  t h e  measured m a t e r i a l  s i z e  d i s t r i b u t i o n  f o r  t h e  watershed 
under i n v e s t i g a t i o n .  T h e r e f o r e ,  t h e  t o t a l  annua l  sediment  y i e l d  should 
exceed 8 . 4  a c r e - f e e t .  

The sediment y i e l d s  from f l o o d s  o f  v a r i o u s  r e t u r n  p e r i o d s  were 
e s t i m a t e d  u s i n g  a  combination o f  t h e  U n i v e r s a l  S o i l  Loss Equa t ion  
Modified by Wil l iams (1975) and t h e  Meyer-Peter,  Mul le r  bed l o a d  s e d i -  
ment t r a n s p o r t  e q u a t i o n .  The former r e l a t i o n  determined wash l o a d  y i e l d  
and t h e  l a t t e r  e s t i m a t e d  bed m a t e r i a l  l o a d .  Computed r e s u l t s  a r e  
t a b u l a t e d  i n  Tab le  11-1. The average r a t i o  o f  t h e  wash l o a d  sediment 
y i e l d  t o  t h e  bed m a t e r i a l  load  sediment y i e l d  i s  2 .24,  which i s  c l o s e  t o  
1.78 determined by t h e  r a t i o  of a v a i l a b i l i t y  o f  wash l o a d  t o  bed 
m a t e r i a l  load  i n d i c a t e d  i n  t h e  N e w  Mexico A g r i c u l t u r a l  Experiment 
S t a t i o n  Research Report  AES-RP-233. 

The median s i z e  of f l o o d  was determined t o  have a  r e t u r n  p e r i o d  of 
2  y e a r s .  Assuming t h a t  annual  r a i n f a l l  i n  t h e  watershed is 10 i n c h e s  
and 4 . 2  p e r c e n t  o f  t h e  r a i n f a l l  becomes d i r e c t  runof f  c o n s i d e r i n g  
weighted mean o f  v a r i o u s  s i z e s  of s t o r m s ,  annual  runof f  volume can be 
e s t i m a t e d  a s  451 a c r e - f e e t .  T h e r e f o r e ,  on t h e  a v e r a g e ,  t h e r e  w i l l  be  
approximately  1 . 6 1  f l o o d s  e q u i v a l e n t  t o  t h e  median s i z e  f l o o d  w i t h i n  a  
y e a r .  Thus, annual  sediment  y i e l d  can be  e s t i m a t e d  t o  be  1 7 . 2  a c r e -  
f e e t .  With t h e  above i n f o r m a t i o n ,  temporal  d e s i g n  o f  Case I ,  11, and 
I11 can be made. 
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Figu re  11-13.  S p a t i a l  d e s i g n a t i o n  of  t h e  s c o u r .  



Table  11-1. Sediment y i e l d  computat ion.  

Re turn  Runoff Runoff Wash Bed M a t e r i a l  T o t a l  
P e r i o d  Volume* Peak*: Load Load Y i e l d  

( y r .  ) ( a c - f t )  ( c f  s )  (ac-f  t )  ( a c - f t )  ( a c - f t )  

2 279.3 704.5 6 . 4  4 . 3  10 .7  

Design Storm 12265.0 30939.1 439.4 176.0 615.4  
Inf low Hydrograph 

Note: 

"Runoff volumes f o r  t h e  v a r i o u s  r e t u r n  p e r i o d s  a r e  24-hour d e s i g n  
s torms.  

fc*Runoff peaks a r e  e s t i m a t e d  by s c a l i n g  runof f  volumes accord ing  t o  
t h e  r a t i o  o f  t h e  peak flow t o  t h e  runoff  volume of  t h e  d e s i g n  s torm 
in f low hydrograph. 

Case I c o n s i d e r s  t h a t  t h e  r e s e r v o i r  h a s  f i l l e d  w i t h  sediment  t o  t h e  
maximum s t o r a g e  c a p a c i t y  p r i o r  t o  t h e  occur rence  of t h e  f r e e b o a r d  hydro- 
graph.  I t  would r e q u i r e  approximately  120 y e a r s  t o  t r a p  abou t  2067 
a c r e f e e t  sediment i n  t h e  r e s e r v o i r .  During t h i s  p e r i o d ,  a l l  f lows pass  
through t h e  p r i n c i p a l  s p i l l w a y  and a r e  capab le  of induc ing  g e n e r a l  s c o u r  
only .  When p a s s i n g  t h e  f r e e b o a r d  hydrograph, t h e  magnitude o f  s c o u r  
would n o t  be  s i g n i f i c a n t l y  i n c r e a s e d  because  t h e  sediment  would a l s o  be 
d e l i v e r e d  th rough  t h e  emergency s p i l l w a y .  Th is  c a s e  would cause  t h e  
s m a l l e s t  scour  d e p t h  below t h e  s t r u c t u r e .  

Case I1 assumes t h a t  immediately fo l lowing  t h e  c l o s u r e  o f  t h e  dam, 
wa te r  s t o r a g e  h a s  reached t h e  t o p  of t h e  dam (EL. 4480 .5 ' )  and t h e  
sediment s t o r a g e  c a p a c i t y  h a s  enough room f o r  t h e  sediment y i e l d  asso-  
c i a t e d  w i t h  t h e  f reeboard  hydrograph. P o t e n t i a l  sediment  y i e l d  f o r  t h e  
f r e e b o a r d  hydrograph i s  615 a c r e - f e e t  which i s  s m a l l e r  t h a n  t h e  
r e s e r v o i r  sediment  s t o r a g e  c a p a c i t y  of 2067 a c r e - f e e t .  I n  t h i s  c a s e ,  
t h e  temporal  r e p r e s e n t a t i o n  i s  l i m i t e d  t o  pass ing  t h e  f r e e b o a r d  f 3 50d .  
The d e s i g n  f l o o d  has  a  peak d i s c h a r g e  of 25,057 c f s  and a  d u r a t i r  of 18 
hours .  

The t h i r d  c o n d i t i o n  (Case 111) s i m u l a t e s  t h e  w o r s t  p o s s i b l e  
c o n d i t i o n . ,  Th i s  assumes t h a t  a f t e r  accumulat ing 'approximately  1462 
a c r e - f e e t  of sediment f o r  a  p e r i o d  o f  85 y e a r s ,  two 50-year  f l o o d s  and 
one 100-year f l o o d  occur .  p r i o r  t o  t h e  p a s s i n g  o f  t h e  f r e e b o a r d  hydro- 
graph.  These two 50-year f l o o d s ,  one 100-year f l o o d  p l u s  t h e  d e s i g n  
storm i n f l o w  hydrograph would reach  t h e  sediment  s t o r a g e  c a p a c i t y  of 
2067 a c r e - f e e t .  T o t a l  expected scour  dep th  i s  t h e  sum of  t h e  g e n e r a l  
scour  due t o  f lows through t h e  p r i n c i p a l  s p i l l w a y  f o r  t h e  85-year  p e r i o d  h 



and genera l  and l o c a l  scour  r e s u l t i n g  from a  sequence of two 50-year 
f l oods ,  one 100-year f lood and the  freeboard hydrograph. This  condi t ion  
i s  un l ike ly  t o  occur ,  y e t  c o n s t i t u t e s  t h e  worst p o s s i b l e  condi t ion  i n  
determining.magnitude of t h e  degradat ion below t h e  emergency sp i l lway 
s t r u c t u r e .  

Governing Processes .  Scour below a  hydraul ic  s t r u c t u r e  i s  a  
complex problem. Dominant phys ica l  processes  inc lude  water d i scharge ,  
sediment t r a n s p o r t ,  sediment rou t ing ,  degrada t ion ,  and armoring by 
s o r t i n g  smal le r  s i z e s  of sediment from coarse  ma te r i a l .  These processes  
a r e  unsteady i n  na tu re .  I n  order  t o  s impl i fy  t h e  problem, a  known 
d ischarge  model i s  used. The known discharge s o l u t i o n  i s  app ropr i a t e  i n  
t h i s  s tudy  because of t h e  s h o r t  d i s t ance  considered i n  t h e  s p a t i a l  
arrangement of t h e  s t r u c t u r e  and t h e  channel.  

Est imation of scour  i s  made u t i l i z i n g  a  procedure t h a t  rou tes  
sediment cons ider ing  s i z e  f r a c t i o n s .  This procedure inc ludes  t h e  use  of 
a  bed load sediment t r a n s p o r t  equat ion f o r  grave l  s t reams (Meyer-Peter, 
Muller Bed Load Formula, USBR, 1960), t h e  sediment con t inu i ty  equat ion ,  
the  sediment supply equat ion ,  and t h e  channel geometry equat ion .  Only 
t h e  bed load t r a n s p o r t  i s  considered.  For flow through t h e  p r i n c i p a l  
sp i l lway,  only general  scour  i s  considered.  For flow p a s t  t h e  emergency 
sp i l lway both l o c a l  and genera l  scour  must be determined. Local scour  
and genera l  scour  a r e  simulated i n t e r a c t i v e l y  i n  a  s equen t i a l  manner 
w i th in  a  t ime s t e p .  The time s t e p  used i n  t h e  s imula t ion  i s  15 minutes.  

The b a f f l e d  chute i s  u sua l ly  designed t o  achieve an e x i t  v e l o c i t y  
l e s s  than  c r i t i c a l  v e l o c i t y  (Pe terka ,  1963).  For a  conserva t ive  est ima- 
t i o n ,  a  c r i t i c a l  flow v e l o c i t y  i s  assumed f o r  t h e  te rmina l  v e l o c i t y .  
Because the  c u r r e n t  downstream channel i s  f a i r l y  s t e e p  (S = 0.026) ,  t he  
flow w i l l  reach normal depth i n  a  s h o r t  d i s t ance .  I f  t h e  downstream 
channel i s  eroded s u f f i c i e n t l y  f l a t ,  t h e  flow from t h e  b a f f l e d  chute 
w i l l  j o i n  t he  downstream t a i l w a t e r  wi th  approximately t h e  normal flow 
depth a s  t h e  water l e v e l .  

Channel Morphology 

Based on t h e  a v a i l a b l e  information,  t h e  fol lowing information on 
channel morphology i s  der ived  f o r  use i n  t h e  mathematical model. 

Representa t ive  Downstream Channel Cross Sec t ion .  The 
r ep resen ta t ive  c ros s  s e c t i o n  i n  t h e  v i c i n i t y  of t h e  s tudy  s i t e  was 
developed by cons ider ing  surveyed channel c ros s  s e c t i o n s  t h a t  a r e  
upstream of t he  c ross ing  of 1-25 near  S t a t i o n  125 + 70. The channel 
c ross  s ec t ions  below t h i s  po in t  a r e  too wide and shallow. For a simple 
and conserva t ive  a n a l y s i s ,  it i s  expedient  t o  use da t a  upstream of t he  
i n t e r s e c t i o n  of 1-25. 

F igure  11-14 shows t h e  r e l a t i o n s h i p  between wetted perimeter  P 
and c ros s - sec t iona l  a rea  A f o r  t h e  f i v e  s e c t i o n s .  The r ep resen ta t ive  
r e l a t i o n  cons ider ing  these  f i v e  c ros s  s ec t ions  i s  





Representa t ive  Bed Mater ia l  S i z e .  Bed ma te r i a l  samples were 
c o l l e c t e d  upstream of t h e  c ross ing  of 1-25 near  125 + 70 and w i t h i n  t h e  
p o t e n t i a l  scour  a r e a .  The measured samples v e r i f i e d  a  h igh ly  hetero-  
geneous d i s t r i b u t i o n  of bed ma te r i a l  wi th  r e spec t  t o  channel l o c a t i o n  
and s o i l  depth.  Judging from l o c a t i o n  of samples, sampling depth ,  and 
range of s i z e s  of bed m a t e r i a l ,  it i s  concluded t h a t  sample No. TC-3.1 
taken a t  P i t  TC-3 i s  t h e  most l o g i c a l  choice f o r  r ep re sen ta t ive  bed 
ma te r i a l  s i z e  because t h e  median diameter and grada t ion  c o e f f i c i e n t  f o r  
sample No. TC-3.1 a r e  r e spec t ive ly  D50 = 6 . 0  mm and s  = 5 . 9 ,  which 
a r e  c l o s e  t o  t h e  average of D50 = 6 . 4  mm and s = 5 . 8  cons ider ing  a l l  
samples. F igure  11-15 gives t h e  r ep re sen ta t ive  bed m a t e r i a l  s i z e  
d i s t r i b u t i o n .  Maximum p a r t i c l e  s i z e  i s  assumed t o  be 100 mm. F i e l d  
i n v e s t i g a t i o n  confirmed t h a t  t h e  above s i z e  d i s t r i b u t i o n  i s  a  conserva- 
t i v e  e s t ima te  f o r  determining scour  p o t e n t i a l .  

G r a i n  Size ( rnm) 

Figure  11-15. Representa t ive  bed ma te r i a l  s i z e  d i s t r i b u t i o n  

.Channel Bed Slope and Control .  Current s lopes  of t h e  channel 
between consecut ive s t a t i o n s  were computed and the  p re sen t  channel bed 
p r o f i l e  downstream of the  dam found t o  be f a i r l y  uniform t o  t h e  c ross ing  

4 of Highway 1-25 near  S t a t i o n  125 + 70. Channel bed s lope  becomes 
f l a t t e r  downstream of t h i s  s t a t i o n .  Average bed s lope  f o r  t h e  e n t i r e  
s tudy reach (from 92+00 t o  161+70) i s  0.024. For a  conserva t ive  estima- 
t i o n ,  r ep re sen ta t ive  channel bed s lope  before  genera l  degradat ion occurs  



i s  assumed t o  be  0 .026.  Th is  i s  t h e  average  s l o p e  upstream o f  S t a t i o n  
127 + 70. The f r i c t i o n  s l o p e  may be l e s s  t h a n  t h e  channel  bed s l o p e .  
However, f o r  a s a f e r  d e s i g n ,  i t  i s  assumed t h a t  f r i c t i o n  s l o p e  o f  t h e  
downstream channel  i s  e q u a l  t o  t h e  channel  bed s l o p e .  I n  o t h e r  words, 
f r i c t i o n  s l o p e  o f  t h e  downstream channel  b e f o r e  t h e  g e n e r a l  d e g r a d a t i o n  
occurs  i s  0.026. 

Flow R e s i s t a n c e  C o e f f i c i e n t .  Cons ider ing  s t ream power and median 
d i a m e t e r ,  bed form of  t h e  channel  i s  l i k e l y  t o  be  i n  t h e  upper  regime 
having e s s e n t i a l l y  a p l a n e  bed (Simons and S e n t u r k ,  1977).  Manning 
roughness c o e f f i c i e n t  f o r  a p l a n e  bed ranges  from about  0.017 t o  0 .027.  
According t o  Chow (1959),  Manning's roughness c o e f f i c i e n t  i s  0.025 f o r  
t h e  channel  p a t t e r n  and bed m a t e r i a l  s i z e s  p r e s e n t e d  i n  t h e  s t u d y  reach .  
Fur thermore,  Manning's roughness c o e f f i c i e n t  i s  abou t  0.024 u s i n g  t h e  
S t r i c k l e r  Formula (Simons and S e n t u r k ,  1977).  I t  i s  determined t h a t  a 
Manning roughness c o e f f i c i e n t  o f  0.025 i s  s a t i s f a c t o r y  f o r  a n a l y s i s .  

4 

R e s u l t s  o f  Ana lvs i s  

Ana lys i s  shows t h a t  t h e  u l t i m a t e  s c o u r  dep th  i s  dependent on t h e  
wa te r  and sediment  in f lows  t o  t h e  r e s e r v o i r  p r i o r  t o  t h e  occur rence  of 
t h e  f r e e b o a r d  hydrograph. Three c a s e s  d e f i n e d  i n  t h e  temporal  d e s i g n  
were s t u d i e d .  The r e s u l t s  demonstra te  t h a t  t h e  t o t a l  s c o u r  dep th  f o r  
Case I i s  1 5 . 1  f e e t  a f t e r  about  120 y e a r s  o f  o p e r a t i o n .  For  Case 11, 
t h e  passage  of t h e  f r e e b o a r d  hydrograph w i l l  cause  a l o c a l  s c o u r  o f  Ds = 

18.9 f e e t  below t h e  p r e s e n t  bed l e v e l  (EL. 4387) ,  and t h e  cor responding  
l e n g t h  E o f  l o c a l  s c o u r  w i l l  be  8 5 . 2  f e e t  (F igure  11-13).  Consid- 
e r i n g  t h e S e f f e c t  of t h e  assumed c o n t r o l  a t  S t a t i o n  161 + 70 (6970 f e e t  
from t h e  s t r u c t u r e ) ,  t h e  g e n e r a l  s c o u r  dep th  w i l l  be D = 6 . 5  f e e t .  The 
r e s u l t a n t  mean p a r t i c l e  s i z e s  i n  t h e  l o c a l  s c o u r  h o d  and i n  t h e  down- 
s t ream channel  w i l l  be' about  25 mm and 11 mm, r e s p e c t i v e l y .  F i n a l  
channel  bed g r a d i e n t  i n d i c a t e d  i s  0 .025.  F i g u r e  11-16 shows t h e  t ime- 
l a p s e  change o f  l o c a l  and g e n e r a l  s c o u r .  I t  shou ld  b e  no ted  t h a t  l o c a l  
scour  dep th  d e f i n e d  i n  t h i s  s t u d y  i s  measured from. t h e  p r e s e n t  bed 
l e v e l .  T h i s  l o c a l  s c o u r  d e p t h  r e p r e s e n t s  a combinat ion o f  g e n e r a l  s c o u r  
and l o c a l  s c o u r  a c c o r d i n g  t o  d e f i n i t i o n s  p r e s e n t e d  i n  some p u b l i c a t i o n s .  
Thus, t h e  lowes t  expected bed l e v e l  r e s u l t i n g  from t h e  s p i l l w a y  d e s i g n  
f l o o d  is 4368.1 f e e t .  T h i s  c o n d i t i o n  i s  n o t  t h e  wors t  c o n d i t i o n  cons id -  
e r i n g  s c o u r  p o t e n t i a l .  

The wors t  p o s s i b l e  c o n d i t i o n  assumes t h a t  a f t e r  85 y e a r s  of 
r e s e r v o i r  o p e r a t i o n ,  two 50-year  f l o o d s  and one 100-year f l o o d  occur  
p r i o r  t o  t h e  p a s s i n g  of t h e  f r e e b o a r d  hydrograph. The 50-year  f l o o d s  
and 100-year f l o o d s  p a s s i n g  t h e  s p i l l w a y  were s c a l e d  a c c o r d i n g  t o  t h e  
d e s i g n  f reeboard  hydrograph u t i l i z i n g  runof f  volumes. The assumed 
sequence o f  hydrographs a f t e r  85 y e a r s  of o p e r a t i o n  i s  shown i n  F i g u r e  
11-17. General  s c o u r  due t o  an  85-year  o p e r a t i o n  i s  determined t o  be  
12 .0  f e e t .  Local  s c o u r  dep th  r e s u l t i n g  from t h e  assumed sequence o f  
hydrographs w i l l  be  22.7 f e e t  and t h e  cor responding  l e n g t h  o f  l o c a l  
s c o u r  w i l l  be 102.0 f e e t .  Ul t imate  s c o u r  dep th  f o r  t h i s  wors t  c o n d i t i o n  
w i l l  be  34.7  f e e t .  I n  t h i s  c a s e ,  t h e  l o w e s t  bed e l e v a t i o n  a f t e r  
e x p e r i e n c i n g  t h e  d e s i g n  f l o o d s  i s  4352.3 f e e t .  I f  t h e  c o n t r o l  o f  l o c a l  
scour  i s  d e s i r e d ,  a n  armor l a y e r  of rocks  with s i z e  l a r g e r  t h a n  1 .5  f e e t  
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Figu re  11-16. Loca l  and g e n e r a l  s cou r  w i t h  t h e  e x i s t i n g  downstream c o n t r o l  
(6970 f e e t  from t h e  s t r u c t u r e ) .  





and wi th  a  th ickness  of two rock diameters  i s  r equ i r ed  t o  pave an a rea  
approximately 100 f e e t  long downstream of t he  s t r u c t u r e  and 12 f e e t  
below t h e  p re sen t  bed l e v e l .  This  s i z e  of r i p r a p  was determined us ing  
t h e  Sh ie lds '  c r i t e r i o n  of i n c i p i e n t  motion (Simons and Sentiirk,  1977)  
and cons ider ing  a  s a f e t y  f a c t o r  of 1 . 5 .  The de termina t ion  was based on 
t h e  peak flow r a t e  of t h e  freeboard hydrograph. This  peak flow r a t e  

w i l l  induce a  t r a c t i v e  fo rce  of 5 .02 l b / f t 2 ,  which w i l l  cause motion of 
sediment p a r t i c l e s  smal le r  than 1.04 f e e t .  I f  a  s a f e t y  f a c t o r  of 1 .5  i s  
employed, t h e  design armor l a y e r  rock s i z e  should be about 1 .5 f e e t .  I f  
a  s o i l  cement i s  used, t h e  s i z e  requi red  would be about 3 . 3  f e e t ,  which 
i s  much l a r g e r  than  f o r  rocks. This  is because t h e  s p e c i f i c  g r a v i t y  of 
s o i l  cement (1.78) i s  smal le r  than t h a t  of rock (2 .65) ,  which makes t h e  
submerged weight of s o i l  cement only ha l f  t h a t  of t h e  submerged weight 
of t he  rock. Usual ly r i p r a p  p r o t e c t i o n  r equ i r e s  a  proper ly  designed and 
placed grave l  f i l t e r .  Bed ma te r i a l  i n  t h e  c u r r e n t  r iverbed  has an 
acceptab le  grada t ion  f o r  t h e  f i l t e r .  No a d d i t i o n a l  e f f o r t  i s  needed t o  
prepare  t h e  g rave l  f i l t e r .  Recommended design of t h e  pavement c o n t r o l  
below t h e  sp i l lway i s  given i n  Figure 11-18. 

I n  order  t o  check the  a p p l i c a b i l i t y  of t he  mathematical model, a  
l a rge - sca l e  phys i ca l  model (model s c a l e  1:30) was u t i l i z e d  by a  Federa l  
agency t o  e s t ima te  t h e  l o c a l  and general  scour  f o r  t h e  des ign  freeboard 
hydrograph (Case 1 1 ) .  Resul t s  from both t o t a l l y  independent model 
approaches were extremely c lose  (Figure 11-16), demonstrating a  success- 
f u l  a p p l i c a t i o n  of t h e  mathematical model. 

11.8 DEGRADATION AND AGGRADATION ASSOCIATED WITH GRAVEL M I N I N G  (SAN JUAN 
CREEK, CALIFORNIA) 

General 

Presented i n  t h i s  s e c t i o n  i s  an a n a l y i s i s  of e ros ion  and depos i t i on  
problems i n  San Juan Creek and B e l l  Canyon a s soc i a t ed  wi th  Conrock 
g rave l  mining ope ra t ions .  A mathematical model f o r  rou t ing  sediment by 
s i z e  f r a c t i o n  was developed and i s  u t i l i z e d  t o  e s t ima te  t h e  e r o s i o n  and 
depos i t i on  response of t he  stream and grave l  p i t  s u b j e c t  t o  d i f f e r e n t  
hydrologic  i npu t s  and ope ra t iona l  a l t e r n a t i v e s .  Four engineer ing  a l t e r -  
n a t i v e s  t h a t  cons ider  r e h a b i l i t a t i o n  of t h e  Casper Regional Park and 
allow mining of sand and grave l  a r e  eva lua ted .  A l t e rna t ive  I i s  a  "do 
nothing" p lan  te rmina t ing  t h e  mining of sand and grave l .  This  a l t e r n a -  
t i v e  would allow n a t u r a l  hea l ing  pro,cesses i n  t h e  form of aggrada t ion  t o  
t ake  p l ace .  No mi t iga t ion  measure would be imposed on t h e  e x i s t i n g  
s t ream. Al t e rna t ive  I1 i s  e s s e n t i a l l y  t h e  same a s  A l t e r n a t i v e  I except  
it permi ts  a  r egu la r  mining of sand and g rave l .  A l t e rna t ive  I11 pro- 
poses cons t ruc t ion  of a  drop s t r u c t u r e  l oca t ed  near  the 'ups t ream end of 
t h e  g rave l  p i t .  A l t e rna t ive  I V  proposes cons t ruc t ion  of a  s e r i e s  of 
small  gabion check dams near  and upstream of t h e  g rave l  p i t  boundary 
coupled wi th  r egu la r  g rave l  mining. 

The developed mathematical model has been c a l i b r a t e d  us ing  1969 . f loods  (January 25 and February 25, 1969) and v a l i d a t e d  u t i l i z i n g  the  
recent  t h r e e  storms (January 15-16, February 9-10 and March 4 ,  1978). 
Val ida t ion  r e s u l t s  a r e  e x c e l l e n t .  Evaluat ion of a l t e r n a t i v e s  i n d i c a t e s  
t h a t  A l t e rna t ive  I V  (a  s e r i e s  o f  check dams) i s  t h e  most f e a s i b l e  design 
f o r  meeting t h e  ob jec t ives .  





Hydrology 

Flood Frequency. U t i l i z i n g  t h e  a v a i l a b l e  flow records a t  t h e  U.S. 
Geological Survey gaging s t a t i o n  near  San Juan Capistrano,  C a l i f o r n i a ,  a 
f lood frequency a n a l y s i s  was made. Avai lable  records a t  t h i s  s t a t i o n  
a r e  from October,  1928 t o  t he  p re sen t .  The drainage a rea  above t h i s  
p o i n t  i s  106 square mi les .  Because t h e  drainage area above Conrock 
grave l  p i t  is  only 77 square mi l e s ,  flows e n t e r i n g  t h e  g rave l  p i t  a r e  
assumed t o  be p ropor t iona l  t o  t h e  drainage a r e a s  above t h e  two s i t e s .  
According t o  Leopold, Wolman, and Mi l l e r  (p .  251, 1964))  t he  f lood o r  
bank-fu l l  d i scharge  can be expressed a s  a power func t ion  of drainage 
a rea  and the  exponent of t h e  equat ion v a r i e s  from 0.65 t o  0 . 8 .  For mean 
annual flow i n  humid reg ions ,  t h e  exponent i s  about 1 . 0 .  I n  t h i s  s tudy ,  
a va lue  of 1 .0  i s  assumed. This  assumption was a l s o  adopted by Camp 
Dresser and McKee (January,  1978).  Figure 11-19 shows the  p l o t  of t h e  
f lood frequency of peak flows f o r  t h e  two loca t ions  on San Juan 
Creek noted on t h e  i n s e t  map on t h e  f i g u r e .  Location 1 i s  along San 
Juan Creek approximately a t  t he  upper edge of t he  g rave l  p i t ,  and down- 
stream of t h e  Verdugo Canyon. Location 2 i s  a t  t h e  U.S.G.S. gaging 
s t a t i o n .  Our r e s u l t s  a r e  very  c lose  t o  those of Camp, Dresser  and flcKee 
(January, 1978).  

Design Storms. Comparison of t he  1969 f lood  hydrographs wi th  t h e  
t h e o r e t i c a l  100-year hydrographs by Camp Dresser and McKee f o r  San Juan 
Creek immediately above t h e  Conrock grave l  p i t  was made by Camp Dresser  
and McKee (January, 1978) and i s  shown i n  F igure  11-20. As poin ted  ou t  
by Camp Dresser  and McKee, t he  n a t u r a l  fl.ood hydrographs may be of 
s u b s t a n t i a l l y  longer  dura t ion  than  the  c l a s s i c a l  hydrographs est imated 
by usua l ly  t h e o r e t i c a l  methods ( S o i l  Conservation Serv ice  and Orange 
County Flood Control  D i s t r i c t ) .  These f loods  may be capable of t r a n s -  
p o r t i n g  considerably more sediment than t h e  s h o r t e r  du ra t ion  f loods 
u t i l i z i n g  the  i d e n t i f i e d  t h e o r e t i c a l  methods. For an  adequate a n a l y s i s  
of e ros ion  and sedimentat ion,  a b e t t e r  e s t ima t ion  of hydrograph shape i s  
e s s e n t i a l .  

The b e s t  way t o  p r e d i c t  t h e  f lood  hydrographs f o r  t h e  s tudy  s i t e  i s  
t o  employ a more advanced t h e o r e t i c a l  approach involv ing  r a i n f a l l - r u n o f f  
r e l a t i o n s h i p s  and numerical modeling techniques,  such a s  t h e  one devel- 
oped by Simons e t  a l .  (1977). However, due t o  t ime and money con- 
s t r a i n t s ,  a more p r a c t i c a l  means i s  used f o r  e s t ima t ing  the  hydrograph 
shapes f o r  f loods  wi th  var ious  r e t u r n  pe r iods .  This  method involves t h e  
development of a t y p i c a l  hydrograph normalized wi th  r e spec t  t o  t h e  f lood 
peak. F igure  11-21 shows t h a t  t h e  normalized hydrographs based on 
a v a i l a b l e  da t a  a r e  s u f f i c i e n t l y  c lo se  and t h e  hydrograph of J a n ~ a r y  25, 
1969 is  s e l e c t e d  a s  t h e  t y p i c a l  hydrograph. Design storms with 
d i f f e r e n t  r e t u r n  per iods  a r e  then  e s t ima ted  based on peak flow de te r -  
mined by Figure  11-8 and t h e  t y p i c a l  hydrograph shown i n  F igure  11-21. 
The storm hydrograph on March 4 ,  1978 was no t  repor ted  by the  U.S.G.S. 
Only t h e  peak d ischarge  a t  Capistrano was given and it was es t imated  t o  
be 12,000 c f s  u t i l i z i n g  the  s lope-area method. The above-mentioned 
method was a l s o  used t o  ob ta in  a hydrograph f o r  thk f lood event  of March 
4 ,  1978. 
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F i g u r e  11-19. Frequency d i s c h a r g e  r e l a t o n s h i p  f o r  San J u a n  Creek 
( a f t e r  Camp D r e s s e r  and McKee). 
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F i g u r e  11-20. Comparison o f  t h e  1969 f l o o d  hydrographs w i t h  t h e  
t h e o r e t i c a l  100-year hydrographs f o r  San J u a n  
Creek a t  i t s  conf luence  w i t h  B e l l  and Verdugo 
Canyons ( a f t e r  Camp D r e s s e r  and McKee, January  1978). 
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Figure 11-21. Normalized hydrographs. 



Storm Events of January,  February and March, 1978. Storms of 
January,  February and March, 1978 have induced s i g n i f i c a n t  degradat ion 
along t h e  San Juan Creek and B e l l  Canyon upstream of t h e  Conrock g rave l  
p i t .  These storms have provided considerable  va luable  da t a  which should 
be used t o  t e s t  any suggested methodology f o r  analyzing t h e  s t ream and 
grave l  p i t  response. 

The storm of January 15 and 16,  1978 l a s t e d  about t h r e e  days.  I t  
s t a r t e d  on January 14 and ended on January 17. Measured hydrographs a t  
t he  San Juan gage near  Capistrano ind ica t ed  very  small  d i scharges .  Peak 
flow was only 210 c f s .  I t  i s  suspected t h a t  t h e  records were not  
accu ra t e .  An i n d i r e c t  check of t h e  peak flow based on t h e  m a t e r i a l  
deposi ted i n  t h e  grave l  p i t  was made. This  method u t i l i z e d  Shie lds  
C r i t e r i o n  of t h e  i n c i p i e n t  motion (Simons and Sentgrk,  1977) wi th  t h e  
assumption of a  channel bed s lope  of 0 . 1  ( t h e  l o c a l  bed s lope  imme- 
d i a t e l y  upstream of t h e  grave l  p i t ) ,  a  Manning's roughness of 0 .03,  and 
a  channel width of 400 f e e t .  C r i t i c a l  discharges l a r g e  enough t o  move a  
s p e c i f i c  s i z e  of sediment were determined. According t o  Camp Dresser  
and McKee (March, 1978),  t h e  coa r se s t  p a r t i c l e  of t h e  m a t e r i a l  i n  t h e  
grave l  p i t  a f t e r  t h e  January,  1978 storm was between 75 mm and 100 mm. 
Theore t i ca l  eva lua t ion  i n d i c a t e s  t h a t  c r i t i c a l  d i scharges  t o  move the  
p a r t i c l e  s i z e s  between 75 mm and 100 mm range from 200 c f s  t o  300 c f s .  
These va lues  a r e  c lo se  t o  those measured near  Capistrano.  Thus, 
measured hydrographs near Capistrano were used t o  determine t h e  hydro- 
graphs f o r  t h e  g rave l  p i t .  The small  quan t i t y  of runoff r e s u l t i n g  from 
l a r g e  q u a n t i t i e s  of r a i n  may be due t o  dry antecedent  moisture condi- 
t i o n s .  A f u r t h e r  s tudy t o  r e l a t e  r a i n f a l l  and runoff r e l a t i o n  i s  needed 
t o  develop more accu ra t e  information.  

The storm of February 9-10, 1978 s t a r t e d  on February 8 ,  1978 and 
ended on February 15,  1978. This storm was of a  very long du ra t ion  wi th  
two flow peaks. The hydrographs j u s t  upstream of t h e  g rave l  p i t  were 
d i r e c t l y  sca led  from those  measured near  Capistrano u t i l i z i n g  t h e  r a t i o  
of dra inage  a r e a s .  

The storm hydrograph of March 4 ,  1978 was unavai lab le .  The 
es t imated  flow peak near  Capistrano was between 10,000 t o  13,500 c f s .  A 
value  of 10,500 c f s  was adopted f o r  t h i s  s tudy  ( the  peak flow en te r ing  
the  g rave l  p i t  i s  7,600 c f s ) .  Having t h e  peak flow i d e n t i f i e d ,  t h e  
hydrograph was est imated by normalizing t h e  hydrograph a s  descr ibed 
e a r l i e r .  

The storm hydrographs of January,  February, and March, 1978 a r e  
given i n  Figures  11-22, 11-23 and 11-24. These hydrographs were used i n  
t h e  v a l i d a t i o n  of t h e  developed mathematical model. 

Stream and Gravel P i t  Geometry 

Deta i led  d i scuss ions  of stream and g rave l  p i t  geometry have been 
presented by Camp Dresser  and McKee (January and March, 1978). Measured 
p r o f i l e s  before  and a f t e r  each of t h e  storms t h a t  occurred i n  e a r l y  1978 
a r e  p l o t t e d  i n  F igure  11-25. For eva lua t ion ,  a  s imp l i f i ed  geometry was 
assumed f o r  t h e  condi t ion  p r i o r  t o  the  1978 storms. The. s imp l i f i ed  
geometry i s  given i n  Figure 11-26. This s imp l i f i ed  geometry i s  very  
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F i g u r e  11-23. Storm hy'drograph of  February  1978.  
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F igu re  11-24.  Storm hydrcgraph of March 1978 
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Figure 11-25. Measured bed p r o f i l e s .  



c l o s e  t o  t h e  a c t u a l  c o n d i t i o n s .  The assumption of a  650-foot  wid th  i n  
t h e  g r a v e l  p i t  i s  c o n s i s t e n t  w i t h  t h e  e s t i m a t e d  volume of 6 ,500,000 t o n s  
of g r a v e l  and sand excavated s i n c e  1969. Assumption of a  400-foot  width  
i n  San Juan  Creek i s  c o n s i s t e n t  w i t h  t h e  d e g r a d a t i o n  wid th  a f t e r  t h e  
February 1978 s torm.  Width of channel  u s u a l l y  i n c r e a s e s  d u r i n g  t h e  
d e g r a d a t i o n  p r o c e s s ,  e s p e c i a l l y  i f  t h e r e  i s  e r o s i o n - r e s i s t a n t  m a t e r i a l  
and heavy armor on t h e  bed.  Dr. Mostafa (1978) assumed t h a t  t h e  f i n a l  
channel  width  could  r e a c h  600.0 f e e t .  Assumption of 400.0-foot  wid th  i s  
a p p r o p r i a t e  f o r  a n  average c o n d i t i o n .  I n  r e a l i t y  t h e  channel  i s  d i v i d e d  
i n t o  t h r e e  b ranches :  San Juan  Creek,  B e l l  Canyon, and Verdugo Canyon 
s h o r t l y  upstream of t h e  Casper Regional  Park boundary.  Verdugo Canyon 
c o n t r i b u t e s  o n l y  abou t  5 p e r c e n t  of t o t a l  f low and i s  a l s o  l i m i t e d  i n  
d e g r a d a t i o n  due t o  a  c u l v e r t  t h a t  s e r v e s  a s  a  c o n t r o l .  For  a l l  
p r a c t i c a l  purposes  Verdugo Canyon can be omi t t ed  from t h e  a n a l y s i s .  The 
400.0-foot  width  channel  above t h e  conf luence of B e l l  Canyon and San 
Juan Creek i m p l i e s  t h a t  t h e  sum of widths  of t h e s e  two c r e e k s  i s  400.0 
f e e t  . 

Based on t h e  r e p o r t  by Camp Dresse r  and McKee (March, 1978) and t h e  
in format ion  provided by Dames and Moore, t h e  channel  and p i t  geometry 
a f t e r  each of t h e  s torms o c c u r r i n g  i n  e a r l y  1978 were compiled.  F i g u r e  
11-26 shows t h e  p r o f i l e  a f t e r  each s torm.  E l e v a t i o n s  a t  t h e  o r i g i n a l  
p i t  boundary and bed s l o p e s  a r e  t a b u l a t e d  i n  Tab le  11-2. Measured d a t a  
show t h a t  e l e v a t i o n  a t  t h e  o r i g i n a l  p i t  boundary ( S t a t i o n  16+00) was 
327.0  f e e t  a f t e r  t h e  January  1978 s to rm,  331 .0  f e e t  a f t e r  t h e  February  
1978 s to rm,  and 338.0 f e e t  a f t e r  t h e  March 1978 s to rm.  

Tab le  11-2. Geometry a f t e r  1978 s to rms .  

E l e v a t i o n  a t  t h e  
O r i g i n a l  P i t  Boundary 

Storms ( S t a t i o n  16+00) ( f t )  Average Bed Slope 

January  1978 327.0 0.0310 

February  1978 331.0 0.0150 

March 1978 338.0 0.0118 

Flow R e s i s t a n c e  C o e f f i c i e n t  

I t  i s  d i f f i c u l t  t o  a c c u r a t e l y  e s t i m a t e  r e s i s t a n c e  t o  f low f o r  a  
g r a v e l  channe l .  The s i z e  of g r a v e l  forming t h e  streambed can change 
g r e a t l y  a s  a  consequence of d e g r a d a t i o n  and aggradat ionl  p r o c e s s e s .  
R e s i s t a n c e  t o  f low changes a c c o r d i n g l y .  

Sediment T r a n s ~ o r t  and Yie ld  

De te rmina t ion  o f  sediment d i s c h a r g e  i s  a  d i f f i c u l t  t a s k  b u t  i s  t h e  
most impor tan t  s t e p  i n  f l u v i a l  a n a l y s i s  of s t r e a m s .  Due t o  h i g h l y  
heterogeneous  d i s t r i b u t i o n  o f  bed m a t e r i a l ,  a p p l i c a t i o n  of a t r a n s p o r t  
h i g h l y  heterogeneous  d i s t r i b u t i o n  of bed m a t e r i a l ,  app1icaf; ion of a  
t r a n s p o r t  e q u a t i o n  by s i z e  f r a c t i o n  i s  necessa ry  f o r  a n  adequa te  
a n a l y s i s .  
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Figure 11-26. Simplif ied geometry before  1978 storms 



R e p r e s e n t a t i v e  Bed M a t e r i a l  S i z e .  Bed m a t e r i a l  samples of San Juan  
Creek were c o l l e c t e d  and analyzed by Dames and Moore. S i z e  d i s t r i b u -  
t i o n s  of s u r f a c e  m a t e r i a l  was v e r y  uniform. F i g u r e  11-27 shows t h a t  
d i s t r i b u t i o n  of t h r e e  composite samples i s  s i m i l a r .  The composite 
Sample A was s e l e c t e d  a s  t h e  t y p i c a l  bed m a t e r i a l  a l o n g  t h e  San J u a n  and 
B e l l  Canyon channe l s  upstream of t h e  g r a v e l  p i t .  Median d iamete r  and 
g r a d a t i o n  c o e f f i c i e n t  of t h e  composite Sample A a r e  ve ry  c l o s e  t o  t h o s e  
averaged from t h e  i n d i v i d u a l  samples.  S i z e  d i s t r i b u t i o n s  o f  t r a n s p o r t e d  
m a t e r i a l  d u r i n g  two 1969 f l o o d s  were determined from t h e  samples i n  t h e  
g r a v e l  p i t  c o l l e c t e d  i n  1976. The s i z e  d i s t r i b u t i o n  curve i s  shown i n  
F i g u r e  11-28. 

Sediment T r a n s p o r t  R a t e s .  A v a i l a b l e  d a t a  on sediment t r a n s p o r t  
r a t e s  e i t h e r  i n  t h e  l a b o r a t o r y  flumes o r  i n  t h e  f i e l d  have been 
c o l l e c t e d  i n  r e l a t i v e l y  f l a t  channel systems and w i t h  a  uniform s e d i -  
ment. Most of t h e  a v a i l a b l e  sediment t r a n s p o r t  e q u a t i o n s  a r e  a p p l i c a b l e  
f o r  t h e s e  c o n d i t i o n s .  Recent l a b o r a t o r y  s t u d i e s  a t  Colorado S t a t e  
U n i v e r s i t y  by L i  e t  a l .  (1977) on s t e e p  channel  (5 p e r c e n t  t o  25 p e r c e n t  
bed s l o p e )  and g r a v e l  bed sediment t r a n s p o r t  i n d i c a t e d  t h a t  a  form of 
Meyer-Peter,  Mul ler  sediment t r a n s p o r t  e q u a t i o n  i s  a p p l i c a b l e  f o r  s t e e p  
g r a v e l  bed s t r e a m s .  However, c o e f f i c i e n t s  should be c a l i b r a t e d  u s i n g  
measured d a t a .  The o r i g i n a l  Meyer-Peter,  Muller e q u a t i o n  accounts  f o r  
t h e  bed l o a d  o n l y .  The suspended p o r t i o n  of t h e  bed m a t e r i a l  l o a d  p l u s  
t h e  wash load  d e l i v e r e d  from upland a r e a  makes t h e  c o e f f i c i e n t  of t h e  
t r a n s p o r t  e q u a t i o n  l a r g e r  t h a n  t h a t  o r i g i n a l l y  proposed by Meyer-Peter,  
Miiller . 

According t o  Camp Dresse r  and McKee ( January  1978) r e p o r t  r ecords  
f u r n i s h e d  by Conrock showed t h a t  i n  t h r e e  y e a r s  (1966 t o  1969) 1 ,204,000 
t o n s  of sand and g r a v e l  were produced and s o l d .  During t h e s e  y e a r s ,  
r e c o r d s  of t h e  U.S. Geological  Survey a t  Highway 74 showed t h a t  t h e  
runoff  was modest. I t  'was assumed t h a t  t h e  volume of t h e  p i t s  b e f o r e  
t h e  1969 f l o o d s  (F igure  11-26) r e p r e s e n t e d  t h e  1,204,000 t o n s  of s e d i -  
ment. Thus t h e  amount d e p o s i t e d  by t h e  flows of 1967 and 1978 was 
ignored .  The above assumption of sediment y i e l d  produced by two 1969 
f l o o d s  was used t o  c a l i b r a t e  t h e  sediment t r a n s p o r t  e q u a t i o n .  The bu lk  
r a t e  of sediment was assumed t o  be 1 .5 .  C a l i b r a t e d  r e s u l t s  were t h e n  
u s e d , . l a t e r  t o  v a l i d a t e  t h e  mathemat ical  model u s i n g  t h e  1978 f l o o d s .  
F i g u r e  11-27 shows t h a t  t h e  e s t i m a t e d  s i z e  d i s t r i b u t i o n  of t r a n s p o r t e d  
m a t e r i a l  i s  c l o s e  t o  t h e  measured. As a f u r t h e r  check of v a l i d i t y  of 
t h e  developed discharge-sediment  r a t i n g  r e l a t i o n ,  a  comparison of com- 
puted t o t a l .  sediment d i s c h a r g e s  wi th  t h o s e  determined by U.S.G.S. (1969) 
was made. F i g u r e  11-29 v e r i f i e s  a  good comparison of sediment d i s c h a r g e  
r a t e s  excep t  t h e  computed v a l u e s  a r e  c o r i s i s t e n t l y  h i g h e r  t h a n  t h o s e  
determined by t h e  U.S.G.S. I t  should be noted t h a t  sediment d i s c h a r g e s  
computed i n  t h i s  s t u d y  a r e  t o t a l  bed m a t e r i a l  l o a d s  upst ream of t h e  
Conrock p i t  u s i n g  a  bed s l o p e  of 0 .0091,  wid th  of 400 f e e t ,  and bed 
m a t e r i a l  s i z e  a s  shown i n  F i g u r e  11-27, whi le  t h e  sediment  d i s c h a r g e  
r a t e s  determined by t h e  U.S. G .  S .  were made a t  t h e  b r i d g e  on Highway 74 
u s i n g  measured suspended d a t a .  

Sediment Y i e l d s .  The method of de te rmin ing  sediment t r a n s p o r t  
developed i n  t h i s  s t u d y  r e q u i r e g  an  a d d i t i o n a l  assumption of a  ve ry  
l a r g e  s e d i m e n t  supp ly  from - t h e  upland a r e a  i n  o r d e r  t o  de te rmine  t h e  
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n e a r  San Juan  C a p i s t r a n o ,  C a l i f o r n i a  ( a f t e r  
U . S . G . S . ,  1969) .  



sediment y i e l d .  According t o  t h e  r e p o r t s  by Converse Davis Dixon 
A s s o c i a t e s ,  I n c .  (February and March 1978) ample sediment i s  a v a i l a b l e  
from t h e  upland watersheds  due t o  l a n d s l i d e s  and f i r e  based on p a s t  
r ecords  and g e o l o g i c a l  i n f o r m a t i o n .  Thus, t h e  assumption o f  a  l a r g e  
amount of sediment supp ly  from upland a r e a  i s  r e a s o n a b l e .  Hence, 
sediment y i e l d  dur ing  f l o o d  e v e n t s  i s  on ly  l i m i t e d  t o  t h e  channel  
c a r r y i n g  c a p a c i t y .  

Es t imated  sediment y i e l d s  f o r  f l o o d s  w i t h  f r e q u e n c i e s  of 2 ,  5 ,  1 0 ,  
15,  20,  25,  50 ,  and 100 y e a r s  a r e  g iven  i n  Table  11-3. The median s i z e  
of f l o o d  has  a  r e t u r n  p e r i o d ,  o f  two y e a r s .  For  42 y e a r s  o f  r e c o r d s  
(1928 t o  1969) ,  average wate r  y i e l d  upstream of t h e  g r a v e l  p i t  i s  7300 
a c r e - f e e t .  Thus,  t h e  average number of median s i z e  f l o o d s  i s  22.7 p e r  
y e a r  and t h e  average annual  sediment y i e l d  i s  80,000 t o n s  p e r  y e a r .  

Tab le  11-3. Summary of sediment y i e l d  f o r  San Juan  Creek n e a r  
Casper Park boundary.  

Flood Frequency 
(Return P e r i o d )  Peak Discharge Flow Volume Sediment 

( ~ r )  ( c f s )  ( a c - f t )  Yie ld  ( t o n s )  

Mathematical  Model 

Governing P r o c e s s e s .  Degradat ion o r  head-cut  upst ream of t h e  p i t  
and d e p o s i t i o n  of m a t e r i a l  i n  t h e  p i t  occur  s imul taneous ly .  s i n c e  t h i s  
problem i s  v e r y  compl ica ted ,  s i m p l i f y i n g  assumptions  a r e  needed t o  
o b t a i n  s o l u t i o n s  i n  a  p r a c t i c a l  and economical way. The dominant 
p h y s i c a l  p r o c e s s e s  i n c l u d e  water r u n o f f ,  sediment t r a n s p o r t ,  sediment  
r o u t i n g ,  d e g r a d a t i o n ,  a g g r a d a t i o n ,  b reak ing  and forming of  t h e  armor 
l a y e r ,  e t c .  These p r o c e s s e s  a r e  unsteady i n  n a t u r e .  I n  o r d e r  t o  
s i m p l i f y  t h e  problem, a  known d i s c h a r g e  assumption i s  used.  The known 
d i s c h a r g e  s o l u t i o n  i s  a p p r o p r i a t e  i n  t h i s  s t u d y  because  of t h e  s h o r t  
d i s t a n c e  cons idered  i n  t h e  s p a c e .  As mentioned e a r l i e r ,  f o r  s i m p l i c i t y  
a  s i m p l i f i e d  geometry r e p r e s e n t a t i o n  a s  shown i n  F i g u r e  11-26 was used .  

Ref e r r i n g  t o  F i g u r e  11-30) temporal  r e s o l u t i o n  o f  t h e  d e g r a d a t i o n  
and a g g r a d a t i o n  p r o c e s s e s  cons idered  i n  t h i s  s t u d y  was t r e a t e d  i n  two 
s e p a r a t e  c o n d i t i o n s .  For  c o n d i t i o n  ( a )  t r a n s p o r t  r a t e  i n  Zone I1 i s  
much l a r g e r  t h a n  i n  Zone I due t o  t h e  l o c a l  s t e e p  g r a d i e n t  (assuming a  h 
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F i g u r e  11-30. Sketch o f  d e g r a d a t i o n  and a g g r a d a t i o n  p r o c e s s e s .  



s l o p e  of 0 . 1  e s t i m a t e d  from t h e  bed p r o f i l e  p r i o r  t o  1978 s to rms)  and 
d e s t r u c t i o n  of t h e  armor l a y e r  on t h e  bed o f  t h e  channe l .  Degradat ion 
occurs  i n  t h i s  r e a c h .  The bed m a t e r i a l  s i z e  of Zone I1 i s  assumed t o  be 
a  mix ture  of t h e  s u r f a c e  s i z e  d i s t r i b u t i o n  (F igure  11-27) and t h e  s i z e  
d i s t r i b u t i o n  d e s c r i b e d  i n  t h e  p i t  (F igure  11-28).  The d e p o s i t i o n  and 
forming of a  d e l t a  t a k e s  p l a c e  i n  Zone I due t o  i t s  n e g l i g i b l e  t r a n s -  
p o r t i n g  c a p a c i t y .  The d i f f e r e n c e  i n  sediment t r a n s p o r t  r a t e s  i n  Zones I 
and I1 f o r  an  increment  of t ime  would determine t h e  new e l e v a t i o n  of t h e  
downstream end of channel  assuming a  bed s l o p e  of 0 .01.  The growth of 
t h e  d e l t a  can be determined a s  t h e  amount of m a t e r i a l  t r a n s p o r t e d  i n t o  
t h e  p i t .  For  s i m p l i c i t y ,  s l o p e  o f  d e l t a  i s  assumed t o  be 0 .10  based 
upon t h e  s l o p e  from t h e  head of d e l t a  o r  shown a f t e r  t h e  February  9-10, 
1978 s to rm.  No l a t e r a l  s l o p e  was assumed. A s  soon a s  t h e  e l e v a t i o n s  of 
degrading and aggrad ing  reaches  meet,  bed s l o p e  f l a t t e n s  a s  shown f o r  
c o n d i t i o n s ,  (b) Under t h i s  c o n d i t i o n ,  t h e  d e l t a  grows b o t h  upstream and 
downstream and d e g r a d a t i o n  should con t inue  a s  evidenced by c o n d i t i o n s  
a f t e r  t h e  February 1978 and March 1978 f l o o d s .  The s l o p e  becomes 
f l a t t e r  and t h e  degree  of d e g r a d a t i o n  i s  reduced b u t  it s t i l l  proceeds  
s lowly .  The new s l o p e  and e x t e n t  of d e g r a d a t i o n  and /or  a g g r a d a t i o n  were 
computed based on t h e  d i f f e r e n c e  i n  sediment t r a n s p o r t i n g  c a p a c i t i e s  i n  
d i f f e r e n c e  zones .  The sediment t r a n s p o r t  r a t e  i n  Zone I1 changes w i t h  
t h e  change i n  bed s l o p e .  E v e n t u a l l y ,  t h e  p i t  should  f i l l  w i t h  new 
m a t e r i a l  i f  g r a v e l  mining i s  d i s c o n t i n u e d .  

S imula t ion  was made u s i n g  t ime s t e p s  of f o u r  hours .  The t ime  l a p s e  
changes o f  e l e v a t i o n  a t  t h e  o r i g i n a l  g r a v e l  p i t  boundary ( S t a t i o n  16+00) 
a r e  g iven  i n  F i g u r e  11-31. The s i m u l a t i o n  r e s u l t s  a r e  e x c e l l e n t  when 
compared wi th  f i e l d  measurements. The comparison of s imula ted  e leva-  
t i o n s  and bed s l o p e s  w i t h  measured d a t a  (Table  11-2) a r e  g iven  i n  
Table  11-4.  Again,  t h e  r e s u l t s  a r e  e x c e l l e n t .  One p o i n t  worth  mention- 
i n g  is  t h a t  t h e  s imula ted  r e s u l t s  a r e  t h e  p r e d i c t e d  r e s u l t s  u t i l i z i n g  
t h e  c a l i b r a t e d  sediment t r a n s p o r t  parameters  based on t h e  d a t a  of two 
1969 s to rms .  

Table 11-4. Comparison of s imula ted  and measured r e s u l t s .  

Storms 

E l e v a t i o n  a t  t h e  O r i g i n a l  
P i t  Boundary 

( S t a t i o n  16+00) f t  Average Bed S lope  

Simulated Measured E r r o r  Simulated Measured E r r o r  
% 70 

-- - - - - - -- 

January  1978 326.4 327.0 0 . 2  0.0339 0 .0310 9 . 4  

February 1978 332.2 331.0 0 . 4  0.0138 0 .0150 8.0 

March 1978 3 3 7 . 3  338.0 0 . 2  0.0110 0.0118 7 .0  

E v a l u a t i o n  of Design A l t e r n a t i v e s  

With t h e  v a l i d a t e d  sediment t r a n s p o r t  e q u a t i o n  and mathemat ical  
model, f o u r  e n g i n e e r i n g  a l t e r n a t i v e s  t h a t  c o n s i d e r  r e h a b i l i t a t i o n  o f  t h e  
Casper Regional  Park  and a l low mining of sand and g r a v e l  a r e  e v a l u a t e d .  
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Figure 11-31 .  Time lapse changes of elevation at the original gravel pit boundary (Station 16+00) - 



Analys i s  i n  t h i s  s t u d y  i s  s imply t o  i d e n t i f y  t h e  most f e a s i b l e  s o l u t i o n ,  
no a t t e m p t  i s  made t o  p r o v i d e  d e t a i l e d  h y d r a u l i c  d e s i g n  of t h e  proposed 
s t r u c t u r e .  R e s u l t s  of t h e  e v a l u a t i o n  f o l l o w .  

A l t e r n a t i v e  I .  T h i s  i s  a  "do nothing" and w i t h o u t  g r a v e l  mining 
a l t e r n a t i v e .  Applying t h i s  a l t e r n a t i v e ,  t h e  g r a v e l  p i t  would be 
g r a d u a l l y  f i l l e d  up, t h e  d e l t a  w i l l  con t inue  t o  grow, and a g g r a d a t i o n  
w i l l  complete r e s t o r a t i o n  o f  g rades  t o  approximately  o r i g i n a l  s l o p e s  i n  
75 y e a r s  under average  c o n d i t i o n s .  The above e s t i m a t i o n  was made by 
assuming an average annual  sediment y i e l d  of 80,000 t o n s  t o  f i l l  t h e  
a v a i l a b l e  space of 6 ,000,000 t o n s .  E l e v a t i o n s  o f  S t a t i o n  16i-00 a f t e r  
occurrence of i n d i v i d u a l  s torms w i t h  d i f f e r e n t  r e t u r n  p e r i o d s  a r e  given 
i n  Table  11-5. Ava.i lable space f o r  g r a v e l  i s  s o  l a r g e  t h a t  it even 
r e q u i r e s  approximately  s i x  100-year f l o o d s  t o  f i l l  i t  up. R e s t o r a t i o n  
of Casper Regional  Park by n a t u r a l  p r o c e s s e s  r e q u i r e s  a  long  p e r i o d  o f  
t ime  u n l e s s  some l a r g e  f l o o d  e v e n t s  occur  i n  t h e  f u t u r e .  

Table  11-5. A l t e r n a t i v e  I s u b j e c t  t o  f l o o d s  w i t h  v a r i o u s  r e t u r n  p e r i o d s .  

E l e v a t i o n  a t  the;? 
Flood Frequency O r i g i n a l  Gravel  
(Return Per iod)  Peak Discharge Flow Volume P i t  Boundary 

( ~ r )  ( c f s )  (ac- f t )  ( S t a t i o n  16+00) ( f t )  

;?Without g r a v e l  mining o p e r a t i o n  
""Start wi th  computed e l e v a t i o n  a t  337.3 

A l t e r n a t i v e  11. This  a l t e r n a t i v e  a l lows  t h e  c o n t i n u a t i o n  o f  g r a v e l  
mining whi le  p r o v i d i n g  t h e  o p p o r t u n i t y  t o  h e a l  d e g r a d a t i o n  i n  Casper 
Regional Park n a t u r a l l y .  The expected r a t e  o f  g r a v e l  and sand mining i s  
1,000,000 t o n s  p e r  y e a r .  I f  a d d i t i o n a l  supp ly  a f t e r  t h e  March 4 ,  1978 
s torm i s  n e g l i g i . b l e ,  t h e  g r a v e l  p i t  would be  excava ted  w i t h i n  approx i -  
mately  t h r e e  y e a r s  t o  t h e  geometry s i m i l a r  t o  t h a t  p r i o r  t o  t h e  1978 
s to rms .  Aggradat ion r a t e  i n  t h e  Casper Regional  Park  would be  v e r y  
slow, because  t h e  annual  excava t ion  r a t e  i s  c l o s e  t o  t h a t  produced by a  
100-year f l o o d  e v e n t .  Fur thermore,  some a d d i t i o n a l  head c u t  shou ld  be  
expected a l o n g  t h e  c u r r e n t  bed p r o f i l e .  Assuming t h a t  g r a v e l  p i t  
dimensions a f t e r  t h e  removal of sand and g r a v e l  a r e  s i m i l a r  t o  those 
p r i o r  t o  1978 s t o r m s ,  t h e  new head c u t  e l e v a t i o n s  a t  S t a t i o n  16+00 f o r  



v a r i o u s  s i z e s  o f  s torms a r e  g iven  i n  Table  11-6.  T h i s  a l t e r n a t i v e  would 
induce worse problems t h a t  t h e  A l t e r n a t i v e  I and c e r t a i n l y  r e q u i r e  a  
much l o n g e r  p e r i o d  o f  t ime t o  r e s t o r e  t h e  Casper Park.  

Tab le  11-6. A l t e r n a t i v e  I1 and s u b j e c t  t o  f l o o d s  w i t h  v a r i o u s  
r e t u r n  p e r i o d s .  

E l e v a t i o n  a t  the* 
O r i g i n a l  Gravel  

Flood Frequency Peak Discharge Flow Volume P i t  Boundary 
( ~ r )  ( c f s )  ( a c - f t )  ( S t a t i o n 1 6 + 0 0 ) ( f t )  

2  174 322 317.8  

100 21,792 20,296 336.5 

"With g r a v e l  o p e r a t i o n  
" 9 6 t a r t  w i t h  computed e l e v a t i o n  a t  337.3 

A l t e r n a t i v e  111. This  a l t e r n a t i v e  would c o n s t r u c t  a  drop s t r u c t u r e  
n e a r  S t a t i o n  1 6 t 0 0 ,  approximately  250 f e e t  downstream of t h e  Conrock 
p r o p e r t y  l i n e .  The proposed s t r u c t u r e  would be  a  gab ion  check dam w i t h  
c r e s t  e l e v a t i o n  of approximately  355 f e e t .  The e q u i l i b r i u m  s l o p e  
upstream of t h e  dam would be c l o s e  t o  t h e  o r i g i n a l  g r a d i e n t .  I f  a n  
e q u i l i b r i u m  s l o p e  o f  0 . 91  p e r c e n t  i s  assumed, it would p r o v i d e  a  space 
f o r  t r a p p i n g  approximately  1 ,870 ,000  t o n s  o f  sediment  and would t a k e  
approximately  23 y e a r s ,  under average c o n d i t i o n s ,  o r  two 100-year f l o o d s  
t o  f i l l  up t h e  degraded a r e a  complete ly .  I f  t h e  c r e s t  e l e v a t i o n  o f  t h e  
drop s t r u c t u r e  i s  s e t  a t  348 f e e t  it would t a k e  approximate-ly n i n e  y e a r s  
under an  average  r a t e  t o  f i l l  t h e  sediment  behind t h e  s t r u c t u r e .  
Although t h i s  a l t e r n a t i v e  would a l low cont inued g r a v e l  mining and pro-  
v i d e  t h e  o p p o r t u n i t y  t o  h e a l  t h e  San Juan  Creek and B e l l  Canyon 
g r a d u a l l y ,  t h e  r a t e  of r e s t o r a t i o n  i s  s t i l l  t o o  slow. T h i s  would a l s o  
t e r m i n a t e  t h e  g r a v e l  and sand supp ly  t o  t h e  g r a v e l  p i t  f o r  a  l o n g  t i m e .  
Th is  a l t e r n a t i v e  i s  n o t  q t t r a c t i v e  f o r  t h e  above r e a s o n s .  A s e r i e s  of 
s m a l l  dams t o  r e s t o r e  t h e  pa rk  l o c a l l y  and c o n t r o l  any f u r t h e r  degrada- 
t i o n  may be a b e t t e r  a l t e r n a t i v e .  

A l t e r n a t i v e  I V .  T h i s  a l t e r n a t i v e  would c o n s t r u c t  a  s e r i e s  of smal l  
gabion check dams a c r o s s  San Juan  Creek and B e l l  Canyon a t  space  i n t e r -  
v a l s .  T h i s  arrangement would a l low t h e  s t ream t o  r e s t o r e  from degrada-  
t i o n  l o c a l l y  and t o  c o n t r o l  any f u r t h e r  head c u t t i n g .  The proposed 



e n g i n e e r i n g  p l a n  i s  shown i n  F i g u r e  11-32. The t h r e e  check dams a r e  2 .5  
f e e t  h i g h ,  approximately  1,400 f e e t  a p a r t ,  and each would t r a p  approx- 
i m a t e l y  37,300 t o n s  o f  sediment i f  an e q u i l i b r i u m  s l o p e  of 0 . 9 1  i s  
assumed. Th is  amount of sediment i s  c l o s e  t o  ' one-ha l f  o f  t h e  average  
annual  sediment y i e l d ,  t h u s ,  on t h e  average ,  t h e s e  t h r e e  check dams 
would be  f i l l e d  up a f t e r  approximately  one and one-half  y e a r s .  Th i s  
would be  p r i o r  t o  t h e  d e p l e t i o n  of t h e  sand and g r a v e l  i n  t h e  p i t  and 
would con t inue  t o  p rov ide  sand and g r a v e l  t o  t h e  Conrock P i t .  Of 
c o u r s e ,  i f  any f l o o d  e v e n t s  l a r g e r  t h a n  a  15-year  r e t u r n  p e r i o d  o c c u r s ,  
t h e  check dams would be f i l l e d  up and t h e  Conrock P i t  would r e c e i v e  a  
supp ly  of g r a v e l  and sand.  A f t e r  t h e  Conrock P i t  r e c e i v e s  enough sand 
and g r a v e l  supp ly  f o r  a n o t h e r  one and one-half  y e a r s  of o p e r a t i o n ,  t h e n  
t h e  check dams can be  b u i l t  approximately  2 .5  f e e t  h i g h e r  u n t i l  t h e  
g rade  o f  t h e  most downstream check dam has  an  e l e v a t i o n  of abou t  355 
f e e t .  T h i s  r e q u i r e s  t h e  c o n s t r u c t i o n  of 21 check dams o v e r  seven t ime 
p e r i o d s .  Th is  scheme would f i r s t  a l low t h e  s t ream t o  r e s t o r e  from degra-  
d a t i o n  l o c a l l y  and t o  c o n t r o l  any f u r t h e r  head c u t t i n g  and would even- 
t u a l l y  r e s t o r e  t h e  degradated r e a c h .  I n  t h e  meantime, t h e  scheme s t i l l  
p rov ides  t h e  supp ly  of sand and g r a v e l .  Fur thermore,  t h i s  a l t e r n a t i v e  
would spread  t h e  c a p i t a l  c o s t  of c o n s t r u c t i o n  over  a  p e r i o d  of a t  l e a s t  
30 y e a r s .  Th i s  i s  t h e  most f e a s i b l e  a l t e r n a t i v e .  

The c o n s t r u c t i o n  of t h e  a c c e s s  road c r o s s i n g  i n  San Juan  Creek i s  
r e q u i r e d  f o r  t h e  p a r k  usage.  Th is  a c c e s s  road can b e  des igned  i n  such a  
way t h a t  it w i l l  a l s o  s e r v e  a s  a  check s t r u c t u r e .  I n  a d d i t i o n ,  a  low 
check s t r u c t u r e  can be implemented n e a r  t h e  mouth of B e l l  Canyon t o  
r e s t o r e  t h e  canyon. The check dams f o r  t h e  a c c e s s  road and n e a r  t h e  
mouth o f  B e l l  Canyon would be approximately  10 '0"  h i g h .  I n  o r d e r  t o  
s t a b i l i z e  t h e  g r a v e l  p i t ,  a n  a d d i t i o n a l  low check s t r u c t u r e  i s  r e q u i r e d  
n e a r  S t a t i o n  16+-00. The a v a i l a b l e  space upstream of  t h e  a c c e s s  road 
w i l l  t r a p  approximately  600,000 t o n s  of sediment .  I t  w i l l  t a k e  about  
7 . 5  y e a r s  t o  r e s t o r e  t h e  c r e e k  and t h e  canyon, o r  one f l o o d  e v e n t  w i t h  a  
r e t u r n  p e r i o d  l o n g e r  t h a n  50 y e a r s .  I n  o r d e r  t o  p r e v e n t  f u r t h e r  
c u t t i n g ,  s l o p e  p r o t e c t i o n  i n  t h e  form of  r i p r a p  would be  r e q u i r e d  on t h e  
s h a r p  bends i n  B e l l  Canyon and San Juan Canyon. Again,  t h i s  scheme 
would a l l o w  t h e  p r o t e c t i o n  of t h e  channel  from f u r t h e r  c u t t i n g  and t h e  
r e s t o r a t i o n  o f  t h e  p a r k  i n  a  reasonab le  p e r i o d  of time. 

Summa r v  

T h i s  c h a p t e r  reviews t h e  c l a s s i f i c a t i o n  o f  f l o o d  r o u t i n g  methods. 
Discusses  t h e  numerical  methods and p r e s e n t s  two examples o f  a p p l i c a t i o n  
of w a t e r  and sediment r o u t i n g  t echn iques  t o  rea l -wor ld  problems. 

An i n t r o d u c t o r y  t r e a t m e n t  of t h e  p r o p e r t i e s  of numerical  sol-utions 
i s  g iven  i n  t h i s  c h a p t e r .  D i f f e r e n c e  e q u a t i o n s  a r e  d i s c u s s e d  I n  t h e  
c o n t e x t  of t h e  d i f f e r e n t i a l  e q u a t i o n s  from which they  a r e  d e r i v e d .  The 
o r d e r  of e r r o r  o f  s e v e r a l  f i n i t e  d i f f e r e n c e  o p e r a t o r s  of &.)/ax i s  
c a l c u l a t e d  by u s i n g  Tay lor  s e r i e s .  A f i n i t e  d i f f e r e n c e  scheme i s  
d e f i n e d  a s  a  computat ional  molecule  c o n s i s t i n g  of one o r  more f i n i t e  
d i f f e r e n c e  o p e r a t o r s .  D i f f e r e n c e  schemes a r e  c l a s s i f i e d  i n t o  e x p l i c i t  
and i m p l i c i t .  

S t a b i l i t y  and convergence a r e  d i s c u s s e d  by f o c u s i n g  on t h e  concep t s  
o f  roundoff e r r o r s  and d i s c r e t i z a t i o n  e r r o r s .  S t a b i l i t y  i s  r e l a t e d  t o  



Road 

( a )  P l a n  

( b )  Profile 

Figure 11-32. Proposed engineering plan for Alternative IV. 



roundoff e r r o r ;  convergence,  t o  d i s c r e t i z a t i o n  e r r o r .  An overview i s  
g iven  o f  t h e  s t a b i l i t y  and convergence p r o p e r t i e s  o f  f i n i t e  d i f f e r e n c e  
schemes. Emphasis i s  p l a c e d  on t h e  d i f f e r e n c e  between e x p l i c i t  and 
i m p l i c i t  schemes. 

A mathemat ical  model f o r  r o u t i n g  sediment by s i z e  f r a c t i o n  was 
s u c c e s s f u l l y  developed and was u t i l i z e d  t o  e s t i m a t e  t h e  l o c a l  and 
g e n e r a l  scour  below a n  emergency s p i l l w a y  and t o  e s t i m a t e  t h e  e r o s i o n  
and d e p o s i t i o n  response of t h e  s t ream and g r a v e l  p i t  s u b j e c t  t o  d i f f e r -  
e n t  hydro log ic  i n p u t s  and o p e r a t i o n a l  a l t e r n a t i v e s .  
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CHAPTER 12 

SURFACE WATER HYDROLOGY 

12.1  INTRODUCTION 

The management of watersheds and r i v e r  bas ins  f o r  optimum b e n e f i t  
of people i n  genera l  r equ i r e s  complete knowledge of t h e  i n t e r r e l a t i o n s  
between ecology and environment. The watersheds'  response t o  develop- 
ments, e i t h e r  n a t u r a l  o r  man-induced, must be p ro j ec t ed  c o r r e c t l y  i f  t h e  
goal  of wise use of our n a t u r a l  resources i s  t o  be met. The inc reas ing  
i n t e r e s t  i n  p red ic t ing  watershed response has acce l e ra t ed  progress  i n  
mathematical modeling of water hydrographs and y i e l d s .  Concern f o r  
p r o t e c t i n g  t h e  n a t u r a l  environment has a l s o  increased  research  i n  t h e  
f i e l d  of p r e d i c t i n g  watershed sediment y i e l d s .  F u r t h e r ,  degrada t ion ,  
aggradat ion and movement of sediment and o t h e r  p o l l u t a n t s  i n  watersheds 
a r e  c l o s e l y  r e l a t e d  t o  water movement. I n  f a c t ,  no sediment y i e l d  can be 
adequately p red ic t ed  without t h e  knowledge of water  rou t ing  and y i e l d .  
This  chapter  descr ibes  s eve ra l  methodologies f o r  c a l c u l a t i n g  water y i e l d  
and storm water rout ing  from watersheds being developed a t  t h e  Engineer- 
ing Research Center ,  Colorado S t a t e  Un ive r s i t y ,  under t h e  gene ra l  d i r ec -  
t i o n  of Daryl B.  Simons and Ruh-Ming L i .  

The phys i ca l  processes  governing watershed response a r e  very 
complicated. Many p a s t  s t u d i e s  have u t i l i z e d  a s t a t i s t i c a l  i n t e r p r e t a -  
t i o n  of observed response da t a .  The u n i t  hydrograph method f o r  so lv ing  
water rou t ing  and hydraul ic  geometry equat ions f o r  stream morphology a r e  
examples of t hese  types of s t u d i e s .  I t  i s  o f t e n  d i f f i c u l t  t o  p r e d i c t  
t h e  response of watersheds t o  var ious  watershed developments o r  t r e a t -  
ments us ing  these  methods because they  a r e  based on t h e  assumption of 
homogeneity i n  t ime and space.  Mathematical modeling using the  govern- 
ing phys ica l  processes  may be used a s  an a l t e rna t ive -means  of e s t ima t ing  
the  time-dependent response of watersheds,  with varying vege ta t ive  
covers and land use,  t o  p r e c i p i t a t i o n .  The p r i n c i p a l  advantage of t h e  
mathematical s imula t ion  approach i s  t h a t  t h e  parameters t h a t  a r e  used t o  
vary watershed response may be phys i ca l ly  def ined .  Such a d e f i n i t i o n  
enables  t h e  use r  t o  p r e d i c t  changes i n  watershed response a r i s i n g  from 
a l t e r a t i o n s  i n  t h e  watershed environment. The p r i n c i p a l  disadvantage of 
t h e  s imula t ion  approach i n  comparison t o  pu re ly  s t a t i s t i c a l  methods i s  
t h e  s i z e  and complexity of s imula t ion  models. However, t h e  speed and 
a v a i l a b i l i t y  of modern computers l a r g e l y  answers t h i s  problem. I n  
a d d i t i o n ,  t h e  a v a i l a b i l i t y  of inexpensive and powerful hand-held 
programmable c a l c u l a t o r s  p l aces  many s o p h i s t i c a t e d  s imula t ion  methods i n  
t he  hands of bo th  researchers  and app l i ca t ion -o r i en t ed  engineers .  

Physical  process  s imulat ion models r ep re sen t  t h e  system being 
modeled by breaking down i n t o  i t s  r e spec t ive  components. By d iv id ing  a 
sys  tem i n t o  i t s  r e spec t ive  components, "lumping" of processes  o r  param- 
e t e r s  c a n  be avoided. By s imula t ing  t h e  s e l e c t e d  phenomena through 
sepa ra t e  components, each ind iv idua l  process  can be analyzed and r e f ined  
o r  a l t e r e d  t o  meet t h e  needs of t h e  use r .  Consequently, a s  each process  
component i s  upgraded, t h e  model becomes more r e p r e s e n t a t i v e  of t h e  
phys i ca l  system. Only a l imi t ed ,  number of phys i ca l  process  models a r e  
presented .  However, because they a r e  phys i ca l  process  component models, 



t h e  p r o c e s s e s  invo lved  a r e  s i m i l a r  between t h e  models. D i f f e r e n c e s  do 
e x i s t  between some components, making some models more complex o r  
v e r s a t i l e  t h a n  o t h e r s .  Two modeling approaches  a r e  d e s c r i b e d  below. 
L a t e r  s e c t i o n s  d i s c u s s  t h e  p h y s i c a l  p r o c e s s e s  used i n  t h e s e  models and 
o u t l i n e  t echn iques  t h a t  w i l l  enab le  t h e  u s e r  t o  p r e p a r e  i n p u t  d a t a  and 
paramete rs .  The s e l e c t e d  wate r  r o u t i n g  approaches a r e :  1) a h i g h  
r e s o l u t i o n  watershed storm wate r  r o u t i n g  and y i e l d  model, and 2)  a 
s i m p l i f i e d  watershed s torm r o u t i n g  and y i e l d  model. A number of o t h e r  
approaches a r e  a v a i l a b l e ,  b u t  r e s e a r c h  has  shown t h a t  t h e s e  c o n t a i n  t h e  
most s e n s i t i v e  p h y s i c a l  p r o c e s s e s .  

The g e n e r a l  approaches mentioned above s h a r e  e s s e n t i a l l y  t h e  same 
b a s i c  p h y s i c a l  p r o c e s s .  The main d i f f e r e n c e s  a r e  i n  f o r m u l a t i o n ,  imple- 
mentat ion and degree  of d e t a i l  t h a t  may b e  r e p r e s e n t e d .  The h i g h  r e s o -  
l u t i o n  model was f i r s t  developed by L i  (1974) and subsequen t ly  p u b l i s h e d  
by Simons, L i  and S tevens  (1975) and updated by Sh iao  (1978).  Th i s  
model r o u t e s  s torm runof f  wa te r  from over land  flow s u r f a c e s  th rough  t h e  
channel system of a watershed.  T h i s  i s  done u s i n g  mathemat ical  formula- 
t i o n s  o f  t h e  wa te r  c o n t i n u i t y  e q u a t i o n s  and c e r t a i n  assumptions  abou t  
t h e  f low momentum. This  model i s  termed h igh  r e s o l u t i o n  because  i t  u s e s  
a f i n i t e  d i f f e r e n c e  s o l u t i o n  t echn ique  t o  s o l v e  f o r  wa te r  d i s c h a r g e  a t  
s e l e c t e d  t imes  and p o i n t s  on t h e  over land  f low s u r f a c e  and channel  
system. The watershed can be subdivided i n t o  numerous over land  f low 
cascade s u r f a c e s  and t h e  channel  can b e  r e p r e s e n t e d  by s e v e r a l  connected 
segments i n  t h i s  model. 

The s i m p l i f i e d  models i n  c o n t r a s t  t o  t h e  h i g h  r e s o l u t i o n  model 
r e q u i r e  a watershed t o  be r e p r e s e n t e d  by a channel  and two c o n t r i b u t i n g  
p l a n e s  o r  a combination of two-plane and s i n g l e  p l a n e  wate r sheds  
connected by a channel  system. Th is  much s i m p l e r  r e p r e s e n t a t i o n  o f  t h e  
watershed p r o v i d e s  f o r  e a s i e r  a p p l i c a t i o n ,  b u t  may c r e a t e  problems i f  
t h e  watershed i s  ex t remely  nonhomogeneous o r  a n i s o t r o p i c .  T h i s  model 
uses  an a n a l y t i c  fo rmula t ion  t o  r o u t e  wa te r  from t h e  over land  flow 
p l a n e s  (Simons, L i  and Egger t ,  1977).  Use of t h e  s i n g l e  two-plane h e  
channel model i s  war ran ted  f o r  watersheds  t h a t  a r e  f a i r l y  homogeneous 
and a r e  s u b j e c t  t o  s p a t i a l l y  c o n s t a n t  r a i n f a l l .  The combined watershed 
model may be used f o r  l a r g e r ,  more heterogeneous  d r a i n a g e s  t h a t  may be  
modeled a s  a group of  d i f f e r e n t ,  y e t  i n t e r n a l l y  homogeneous, subwater-  
sheds .  

1 2 . 2  SPATIAL SEPRESENTATION OF WATERSHEDS 

Because most watersheds  a r e  nonhomogeneous i n  topography,  s o i l s ,  
v e g e t a t i o n ,  and o t h e r  f e a t u r e s ,  it i s  necessa ry  t o  segment each  water-  
shed i n t o  u n i t s  which can be t r e a t e d  a s  homogeneous. S i m i l a r l y ,  t h e  
channel  system i n  a watershed can b e  r e p r e s e n t e d  by one o r  more 
segments,  each having a c h a r a c t e r i s t i c  l o c a t i o n ,  shape ,  s l o p e .  and 
roughness.  

The l o c a t i o n ,  a r e a ,  l e n g t h ,  and s l o p e  of each watershed u n i t  1.s 
u s u a l l y  o b t a i n e d  from a v a i l a b l e  topograph ic  maps. The f o l l o w i n g  s t e p s  
can b e  used i n  c o l l e c t i n g  t h e  geometr ic  d a t a  from topograph ic  maps. Two 
t y p e s  of watershed segmentat ion a r e  conSidered.  For  t h e  h igh  r e s o l u t i o n  
model, t h e  watershed i s  subdivided i n t o  square  g r i d s  o f  a s e l e c t e d  s i z e  



(Simons, L i  and Ward, 1978).  The s i z e  of t h e s e  g r i d s  o r  c e l l s  i s  chosen 
t o  conform w i t h  t h e  watershed geometry and t o  r e p r e s e n t  t h e  accuracy  o f  
t h e  i n p u t  d a t a  and r e q u i r e d  o u t p u t .  Node p o i n t s  of t h e  g r i d  sys tem 
r e p r e s e n t  sampling p o i n t s  where topograph ic ,  s o i l s ,  and v e g e t a t i v e  d a t a  
a r e  se l . ec ted .  The channel  system i s  r e p r e s e n t e d  by s t r a i g h t  l i n e  seg- 
ments between t h e  node p o i n t s .  The sampled i n f o r m a t i o n  i s  p rocessed  by 
t h e  computer t o  produce a segmented watershed of over land  f low c e l l s  
w i t h  cor responding  l e n g t h ,  s l o p e ,  wid th ,  and s o i l  and v e g e t a t i v e  
i n . d i c e s ,  and a channel  system d e s c r i b e d  by l e n g t h s ,  s l o p e s ,  and l o c a -  
t i o n s .  G r a v i t y  f low l o g i c  and c e l l  and channel  a s p e c t  a r e  used t o  
de te rmine  f low d i r e c t i o n s  i n  t h e  watershed.  On a much s m a l l e r  s c a l e ,  
t h e  s l o p e ,  l e n g t h s ,  widths  and f low d i r e c t i o n s  o f  roadways can be  
p repared  from maps, c o n s t r u c t i o n  p l a n s ,  o r  f i e l d  measurements. F o r  t h e  
s i m p l i f i e d  watershed models c o n s i s t i n g  o f  p l a n e s  and c h a n n e l s ,  a d i f f e r -  
e n t  approach i s  used t o  a b s t r a c t  t h e  geometry f o r  model input:This 
approach can be  used on smal l  o r  l a r g e  wate r sheds .  On l a r g e  wate r sheds  
m u l t i p l e  sets of  two plane-one channel  wa te r sheds  may be  p r e s e n t  
(Simons, L i  and Spronk, 1978) .  A method i s  p r e s e n t e d  below t h a t  i s  
a p p l i c a b l e  t o  s i n g l e  watersheds  o r  subdivided wate r sheds .  

Geometric R e p r e s e n t a t i o n  f o r  High R e s o l u t i o n  Model 

The f i r s t  problem encountered i n  numerical  modeling of watershed 
response  i s  t o  determine r e p r e s e n t a t i v e  response u n i t s  f o r  mathemat ical  
computat ions .  Simons and L i  (1975) have approached t h i s  problem by 
deve lop ing  a watershed segmentat ion program based on a g r i d  system. The 
g r i d  s i z e  i s  chosen s o  t h a t  t h e  watershed boundary and channel  segments 
can be  approximated by g r i d  l i n e s  (F igure  12-1). The over land  flow 
u n i t s  a r e  t h e  g r i d  u n i t s  i n s i d e  t h e  watershed boundary and t h e  channel  
u n i t s  a r e  segments of channel  between g r i d  i n t e r s e c t i o n  p o i n t s .  

/Channel 
Wotershea 

o. Topograph~c features b. Segmentotad watershed 

F i g u r e  12-1. Example of watershed segmenta t ion .  



From t h e  con tour  l i n e s ,  t h e  e l e v a t i o n s  of t h e  l a n d  s u r f a c e  a t  t h e  
g r i d  p o i n t s  a r e  determined (F igure  12-2) .  These e l e v a t i o n s ,  a l o n g  w i t h  
t h e  l o c a t i o n s  and bed e l e v a t i o n  of t h e  s t ream channe l ,  a r e  i n p u t s  t o  t h e  
computer program. I n  a d d i t i o n  t o  e l e v a t i o n  d a t a ,  v e g e t a t i o n  and s o i l  
code numbers can b e  i n p u t  f o r  each g r i d  p o i n t  (F igure  12-2).  The 
computer program t h e n  performs t h e  fo l lowing  f u n c t i o n s :  

1. The s l o p e  and t h e  s l o p e  azimuth of each over land  f low u n i t  a r e  
computed. 

2 .  I t  is  assumed t h a t  t h e  wa te r  f lows i n  t h e  o p p o s i t e  d i r e c t i o n  
of s l o p e  g r a d i e n t  t o  t h e  n e x t  over land  flow u n i t  o r  t o  t h e  a d j a c e n t  
channe l .  Thus,  wa te r  cascades  from over land  u n i t  t o  over land  u n i t  
and t h e n  i n t o  t h e  channel sys tem.  The program i d e n t i f i e s  t h e  
cascade sequence (arrows i n  F i g u r e  12-1) .  

3 .  The computat ional  sequence f o r  f low i s  e s t a b l i s h e d  by t h e  
program. The method employed i s  s imply t o  f o l l o w  t h e  l o g i c  of 
g r a v i t y  f low and flow c o n t i n u i t y .  

4 .  I f  d a t a  on t h e  v e g e t a t i o n  t y p e ,  s o i l  t y p e ,  canopy cover  
d e n s i t y ,  and ground cover d e n s i t y  a r e  a v a i l a b l e ,  v a r i a t i o n s  o f  
t h e s e  f a c t o r s  i n s i d e  a  watershed can be  e s t a b l i s h e d  i n  t h e  program. 
Th is  i s  executed by decoding t h e  v e g e t a t i o n  and s o i l  codes and 
a s s i g n i n g  p r e v i o u s l y  i n p u t  pa ramete rs  t o  each  t y p e  code.  These 
pa ramete rs  may i n c l u d e  s o i l  p o r o s i t y ,  s o i l  d e p t h ,  and s e l e c t e d  
v e g e t a t i o n  measures.  

I n  o r d e r  t o  save  computer s t o r a g e  c a p a c i t y  and p r o c e s s i n g  t ime  i n  
wa te r  and sediment  r o u t i n g  computat ions ,  a n  a d d i t i o n a l  computer program 
t o  combine smal l  g r i d  u n i t s  i n t o  l a r g e r  response u n i t s  i s  developed.  
With t h i s  t r e a t m e n t ,  t h e  f low i s  c o n c e p t u a l l y  rou ted  from o v e r l a n d  flow 
u n i t s  t o  channel  u n i t s  and t o  t h e  s e l e c t e d  watershed o u t l e t .  

Th i s  segmentat ion method i s  e s s e n t i a l  n o t  o n l y  i n  w a t e r  and 
sediment r o u t i n g ,  b u t  a l s o  f o r  i n t r o d u c i n g  t h e  i n f o r m a t i o n  from snownielt 
computat ions ,  l a n d s l i d e  hazard mapping, f o r e s t  f i r e  hazard mapping, 
f o r e s t  i n v e n t o r y  s t u d i e s ,  and snow avalanche hazard  i d e n t i f i c a t i o n  i n t o  
t h e  r o u t i n g  model. Moreover, i f  such f a c t o r s  a s  s o i l  p r o p e r t i e s ,  vege- 
t a t i o n  cover ,  t y p e  of management t r e a t m e n t ,  o r  r a i n f a l l  v a r y  w i t h i n  t h e  
watershed,  t h e s e  v a r i a t i o n s  can be handled e a s i l y  and w i t h  t h e  l e a s t  
manual i n p u t  by segmenting t h e  watershed w i t h  a  g r i d  system. The deve l -  
oped segmentat ion method prov ides  t h e  i n p u t  d a t a  on watershed geometry 
and computat ional  sequence r e q u i r e d  f o r  t h e  s i m u l a t i o n  model t o  p r e d i c t  
wa te r  and sediment r o u t i n g  and y i e l d  f o r  s m a l l  wa te r sheds .  

Of ten  t h e  manual d e t e r m i n a t i o n  o f  t h e  response u n i t  i s  p r e f e r a b l e  
f o r  non-coniputer o r i e n t e d  p e r s o n n e l .  Such a  manual d e t e r m i n a t i o n  should 
fo l low s i m i l a r  l o g i c  used i n  t h e  coppute r  segmentat ion method. The f low 
p a t h  can be drawn p e r p e n d i c u l a r  t o  con tour  l i n e s .  Manual d e t e r m i n a t i o n  
of t h e  h y d r o l o g i c  response u n i t  i s  s u b j e c t  t o  t h e  i n d i v i d u a l ' s  percep-  
t i o n  and can be  timc-consuming f o r  a p p l i c a t i o n  t o  complicated wate r -  
sheds .  I t  i s  recommended t h a t  manual d e t e r m i n a t i o n  be l i m i t e d  t o  s m a l l  
and s imple  wa te r sheds .  



( c  1 

F i g u r e  

1 - 1--1 

( a )  Topogr: tpl~ic  Plap Contour  I n t e r v a l  = 40' 

S o i l s  Map Numbers a r e  s o i l  t y p e  codes  

hed . 

Another 
n u m e r i c a l l y  
each. channel  

c h a r a c t e r i s t i c  of t h e  channel  system t h a t  must b e  
d e f i n e d  i s  Lhe wet ted  per imete r - f low a r e a  r e l a t i o ~ l s h i p  f o r  

segment.  Th i s  r e l a t i o n s h i p  i s  needed f o r  u s e  i n  wa te r  and 
sediment r o u t i n g  i n  t h e  channe l .  'The r e l a t i o n s h i p  i s  most o f t e n  
expressed  i n  t h e  power form a; 



where p  i s  t h e  we t ted  p e r i m e t e r ,  A i s  t h e  f low a r e a ,  and a  and b l  
1 

a r e  s t a t i s t i c a l l y  determined v a l u e s .  Data needed f o r  development of 
Equat ion 12-1 a r e  measurements on t h e  channel  c r o s s  s e c t i o n .  These mea- 
surements a r e  t h e  h o r i z o n t a l  d i s t a n c e  from a  datum mark o r  a  bank t o  a  
p o i n t  i n  t h e  channel  and t h e  e l e v a t i o n  change between t h e  p o i n t  and t h e  
mark. I n  a complex a p p l i c a t i o n  where many s t ream c r o s s  s e c t i o n s  a r e  
invo lved ,  t h e  v a l u e s  of a  and b l  f o r  each channel  segment may be  

1 found by a  f i t t i n g  r o u t i n e  conta ined w i t h i n  t h e  s i m u l a t i o n  program. A s  
an  a l t e r n a t i v e ,  a  and bl  may be determined beforehand u s i n g  a  s m a l l  
programmable c a l c d l a t o r .  

Geometric R e p r e s e n t a t i o n  f o r  S i m p l i f i e d  Model 

The two t y p e s  of s i m p l i f i e d  watershed s i m u l a t i o n  use  e s s e n t i a l l y  
t h e  same geometr ic  r e p r e s e n t a t i o n .  The watershed must be  subdivided i n  
such a  manner t o  a l low approximat ion of t h e  l a n d  s u r f a c e  by p l a n e s  t h a t  
extend t o  t h e  watershed boundary w i t h  one o r  more i n t e r c o n n e c t i n g  
channe l s .  The s i m p l e r  of t h e s e  two models uses  an  "open-booktt r epresen-  
t a t i o n  wherein t h e  watershed i s  t ransformed i n t o  a  s i n g l e  two-plane u n i t  
wi th  a  c e n t r a l  channe l .  The more complex model uses  a  number of such 
u n i t s  i n  combination w i t h  s i n g l e  p l a n e s  and i n t e r c o n n e c t i n g  channel  
segments. 

A t  Colorado S t a t e  U n i v e r s i t y  two s i m p l i f i e d  models have been 
developed and a r e  c a l l e d  ANAWAT and MULTWAT. The former  i s  an  acronym 
f o r  A n a l y t i c a l  Watershed Model and i s  a  s i m p l e r  s i n g l e  open-book r e p r e -  
s e n t a t i o n .  The l a t t e r  name i s  an  acronym f o r  M u l t i p l e  Watershed Model 
and i s  a  more complex fo rmula t ion .  These acronyms a r e  only i n t r o d u c e d  
h e r e  t o  s i m p l i f y  l a t e r  r e f e r e n c e  t o  t h e s e  two model approaches .  The 
b a s i c  method of t r ans forming  t h e  con tour  map geometry i n t o  p l a n e s  and 
channe l s ,  however, i s  t h e  same f o r  b o t h  models. - This  t e c h n i q u e  i s  
d e s c r i b e d  below f o r  ANAWAT and t h e n  extended f o r  MULTWAT. The p r o c e s s  
i s  i l l u s t r a t e d  by F i g u r e  12-3 and p r e s e n t e d  i n  a  s t ep-by-s tep  form 
below. 

l a .  Divide  t h e  watershed i n t o  u n i t s  which can be cons idered  
homogeneous by u s i n g  t h e  a v a i l a b l e  t o p o g r a p h i c ,  s o i l  t y p e ,  and 
v e g e t a t i o n  t y p e  maps f o r  t h e  watershed.  The s i z e  of t h e  d i v i s i o n  
is  based on t h e  r e s o l u t i o n  needed and t h e  a v a i l a b i l i t y  of d a t a .  

l b .  Div ide  t h e  watershed u s i n g  t h e  channel  system. T h i s  d i v i s i o n  
i s  o f t e n  a t  t h e  u s e r ' s  d i s c r e t i o n ,  b u t  shou ld  be  based on homogene- 
i t y  i n  t h e  channel  segment o r  i t s  c o n t r i b u t i n g  s i d e  s l o p e s .  Th i s  
homogeneity may be t h e  channel  segment g r a d i e n t  o r  s i m i l a r  s o i l  
t y p e s  on t h e  c o n t r i b u t i n g  s i d e  s l o p e s .  

2 .  D e l i n e a t e  t h e  main channel  i n  t h e  , u n i t .  Extend t h e  channe l s  
t o  a t  l e a s t  t h e  l a s t  d i s t i n c t  end ~ o i n t s .  Such an end p o i n t  i s  
o f t e n  no ted  a s  t h e  l a s t  d i s t i n c t  "V" on t h e  con tour  l i n e  f o r  t r i b u -  
t a r y  channe l s .  I n  smal l  watersheds  de te rmin ing  t h e  c o r r e c t  p a t h  
a long  which t o  extend t h e  channel  may be d i f f i c u l t .  I n  l a r g e r  
wa te r sheds  t h e  e x t e n s i o n  of t h e  channel  may be a p p a r e n t  a l l  t h e  way 
t o  t h e  b a s i n  boundary. T h e r e f o r e ,  t h e  e x t e n s i o n  of t h e  channe l  f o r  
measurement purposes  i s  a r b i t r a r y .  A g e n e r a l  r u l e  may b e :  



( a )  O r i g i n a l  S u b w a t e r s h e d  T o p o g r a ~ h i c  M a p  

Cb) O p e n b o o k  P l a n c  K c p r c s t n t a t i o n  

F i g u r e  12-3. Geometric r e p r e s e n t a t i o n  o f  a subwatershed u n i t .  



( a )  Small  wa te r sheds .  Extend t h e  channel  t o  t h e  l a s t  d i s t i n c t  
"V" and no f u r t h e r .  

(b) Medium s i z e d  wate r sheds .  Extend t h e  channel  from t h e  l a s t  
"V" one-half  t h e  d i s t a n c e  t o  t h e  watershed boundary. 

( c )  Large wate r sheds .  Extend t h e  channel  from t h e  l a s t  "V" t o  t h e  
watershed boundary.  

No d i s t i n c t i o n  i s  made on watershed s i z e  a s  t h i s  i s  a  f a c t o r  t h a t  
i s  d i c t a t e d  by exper ience .  I n  g e n e r a l ,  a  smal l  watershed may have 
a  maximum s i z e  o f  100 a c r e s ,  a  medium watershed would be 100 t o  
1,000 a c r e s ,  and a  l a r g e  watershed would be anyone over  1 ,000 
a c r e s .  

I f  a  channel  e x t e n s i o n  i s  made, t h e  e x t e n s i o n  must c r o s s  t h e  
contour  e l e v a t i o n s  p e r p e n d i c u l a r l y  t o  i n s u r e  t h a t  t h e  w a t e r  i s  
fo l lowing  t h e  s h o r t e s t  p a t h  t o  t h e  channe l .  Measure t h e  channel  
segment l e n g t h .  

3 .  Ske tch  i n  t h e  boundar ies  between c o n t r i b u t i n g  s i d e  s l o p e s  
f o r  t h e  d i f f e r e n t  channel  segments.  The enc losed  c o d t r i b u t i n g  
a r e a s  a r e  now t h e  watershed s u b d i v i s i o n s .  Each channel  has  a  l e f t  
and r i g h t  s u b d i v i s i o n  when look ing  downstream. 

4 .  Determine t h e  channel  segment s l o p e  a s  t h e  r a t i o  of 
e l e v a t i o n  d i f f e r e n c e  a t  t h e  channel  end p o i n t s  t o  t h e  channel  
l e n g t h .  

5 .  Determine t h e  a r e a  o f  t h e  l e f t  and r i g h t  c o n t r i b u t i n g  
s u b d i v i s i o n s  by us ing  t h e  channel  a s  t h e  d i v i d i n g  l i n e .  For  smal l  
and medium s i z e d  wate r sheds ,  a n  a r t i f i c i a l  d i v i d i n g  l i n e  may need 
t o  be  c o n s t r u c t e d  a s  an e x t e n s i o n  from t h e  assumed channel  end 
p o i n t  t o  t h e  watershed boundary.  Nake s u r e  t h i s  d i v i s i o n  remains 
p e r p e n d i c u l a r  t o  t h e  topograph ic  c o n t o u r s .  

6 .  Determine each s u b d i v i s i o n  width  a s  sum o f  s u b d i v i s i o n  
a r e a  d i v i d e d  by channel  l e n g t h  a s  determined i n  S t e p  4.  

7 .  Subdivide  t h e  channel  i n t o  s e v e r a l  (5-20) e q u a l l y  spaced 
sampling p o i n t s .  A t  each sampling p o i n t  l a y  o u t  sampling l i n e s  
from t h e  channel  t o  t h e  watershed o r  response  u n i t  boundary.  
Sampling l i n e s  a r e  drawn p e r p e n d i c u l a r  t o  con tour  1 i n . e ~  and r e p r e -  
s e n t  f low l i n e s  t h a t  c r o s s  e q u i p o t e n t i a l  l i n e s  i n  a  f low n e t .  The 
sampling l i n e s  a r e  t h e  p o t e n t i a l  r o u t e s  wa te r  would f o l l o w  when 
f lowing a c r o s s  t h e  s u b d i v i s i o n .  Determine t h e  s l o p e  a s  e l e v a t i o n  
change on t h e  sampling l i n e .  Take t h e  p r o d u c t  o f  sampl ing l i n e  
l e n g t h  t imes  s l o p e ;  sum t h e s e  p r o d u c t s  f o r  t h e  sampl ing l i n e s  i n  
each response u n i t .  

8. For  s m a l l  o r  medium s i z e d  wate r sheds ,  a  s i n g l e  s l o p e  
sampling l i n y  w i l l  be  extendFd from t h e  end p o i n t  o f  t h e  channe l .  
Th i s  sampling l i n e  should c o i n c i d e  w i t h  t h e  a r t i f i c i a l  d i v i d i n g  
l i n e  c o n s t r u c t e d  i n  S t e p  5 .  Because t h e  a r e a  above t h e  assumed 



channel  end p o i n t  r e p r e s e n t s  a n  over land  f low p l a n e ,  it i s  t r e a t e d  
a s  b e i n g  d i v i d e d  e q u a l l y  between t h e  two response  u n i t s .  To do 
t h i s ,  add t h e  s l o p e - l e n g t h  p roduc t s  f o r  t h i s  sampling l . ine t o  t h e  
summed s l o p e - l e n g t h  p roduc t s  f o r  each s u b d i v i s i o n ,  t h e n  add t h e  
l e n g t h  o f  t h e  sampling l i n e  t o  t h e  summed l e n g t h s  of t h e  sampling 
l i n e s  of each  s u b d i v i s i o n .  These a d d i t i o n s  w i l l  i n c o r p o r a t e  t h e  
e f f e c t s  of t h i s  headwater over land  f low p l a n e  i n t o  each o f  t h e  
s u b d i v i s i o n s .  

9 .  Determine t h e  average  s l o p e  of each  s u b d i v i s i o n  a s  t h e  
summed s l o p e - l e n g t h  p r o d u c t s  f o r  t h e  u n i t  d i v i d e d  by t h e  summed 
sampling l i n e  l e n g t h s  o r  

where i s  average  of over land  s l o p e ,  n  i s  number o f  sampling 
l i n e s ,  S .  i s  s l o p e  of l i n e  i ,  and Ri i s  l e n g t h  of l i n e  i. The 
consist ,e?it  s t ep-by-s tep  p rocedure  p r e s e n t e d  above w i l l  p rov ide  a  
d i g i t i z e d  watershed amenable t o  a n a l y s i s  by watershed modeling. 

An example of t h e  above p rocedure  i s  p r e s e n t e d  below 

Example: Small  Watershed ( s e e  F i g u r e  12-4)  

Area = 4 . 0 1  a c r e s  

Length of Channel t o  "V". = 418 f e e t  

S lope  o f  Channel t o  "V" = 0 .108  

Average Width Weighted<; 
(Acres)  F e e t  Average Slope 

L e f t  s i d e  2 .64  275.5 0.172 

R i g h t  s i d e  1 .37 142.4  0.205 

"Includes  a r t i f i c i a l  e x t e n s i o n  192.5 f e e t  l o n g  w i t h  s l o p e  of 0 . 2 6 .  
Ten sampling l i n e s  were used .  

As mentioned e a r l i e r ,  ANAWAT has  t h e  c a p a b i l i t y  o f  s i m u l a t i n g  t h e  
s to rm w a t e r  runof f  from t h e  s i n g l e  p l a n e  o r  from t h e  "open book" 
geometry a s  shown i n  F igure  12-3. MULTWAT c l a s s i f i e s  t h e  s i n g l e  p l a n e  
u n i t s  a s  p l a n e s  and t h e  "open book" u n i t s  a s  subwatersheds .  StBrm w a t e r  
runof f  hydrographs from t h e  ANAWAT u n i t s  s e r v e  a s  i n p u t s  t o  t h e  i n t e r -  
connec t ing  channe l  u n i t s .  Water i n  t h e  channe l s  i s  rou ted  by. u s i n g  a  
numerical  s o l u t i o n  t o  t h e  n o n l i n e a r  k inemat ic  wave approximat ion.  A 
method t o  account  f o r  channel  l o s s e s  due t o  i n f i l t r a t i o n  i s  inc luded  i n  
t h e  channel  r o u t i n g  p rocedure .  The n e c e s s i t y  o f  u s i n g  a  numerical  
channel  r o u t i n g  r o u t i n e  r a t h e r  t h a n  a n  a n a l y t i c a l  r o u t i n e  i s  due t o  t h e  
occur rence  o f  k inemat ic  shock.  The a n a l y t i c a l  s o l u t i o n  cannot  be  
a p p l i e d  i n  s i t u a t i o n s  where k inemat ic  shock o c c u r s .  



F i g u r e  12-4. Important  f e a t u r e s  f o r  deve lop ing  a s m a l l  watershed 
r e p r e s e n t a t i v e  geometry.  

There a r e  f o u r  t y p e s  of response u n i t s  i n  MULTWAT: 1) a s i n g l e  
p lane  ANAWAT u n i t ,  2 )  an  "open book" ANAWAT u n i t ,  r e f e r r e d  t o  a s  a 
subwatershed,  3)  a channe l ,  which i s  a l a r g e  channel  i n t e r c o n n e c t i n g  
t h e  o t h e r  u n i t s ,  and 4 )  a connec t ion .  A connec t ion  u n i t  i s  used when 
on ly  t h e  lower p a r t  of a b a s i n  is  b e i n g  modeled and t h e  response  o f  t h e  
upstream p o r t i o n  of t h e  b a s i n  i s  i n p u t  a s  a hydrograph recorded  o r  



S c L l l e  in  m i l e s  

Figure 12-5. Response units for Walnut Gulch, Arizona, watershed. 



F i g u r e  12-6. Schematic d iagram of t h e  Walnut Gulch response  u n i t s .  



s i m u l a t e d  a t  t h e  gaging s t a t i o n  d i v i d i n g  t h e  upper and lower p a r t s  o f  
t h e  b a s i n .  The method of o b t a i n i n g  t h e  s i z e  and s l o p e  of p l a n e s  and 
channe l s  was g iven  above.  A s  a n  example o f  t h e  t r a n s f o r m a t i o n  of a  
l a r g e r ,  more heterogeneous  watershed i n t o  a  system of  p l a n e s  and 
c h a n n e l s ,  F i g u r e  12-5 shows a  map of Walnut Gulch, Arizona,  a  wa te r shed  
s e l e c t e d  f o r  development and t e s t i n g  o f  MULTWAT. The boundar ies  o f  t h e  
p l a n e s  and subwatersheds  a r e  marked t o  i l l u s t r a t e  how a  l a r g e  watershed 
can be  r e p r e s e n t e d  by a  system o f  t h e s e  u n i t s  i n t e r c o n n e c t e d  by channel  
u n i t s .  F i g u r e  12-6 shows a  schemat ic  diagram of Walnut Gulch Watershed,  
r e p r e s e n t e d  by p l a n e s ,  subwatersheds ,  and channe l s .  

12 .3  MODEL COMPONENTS 

A s  mentioned e a r l i e r ,  b o t h  t h e  h i g h  r e s o l u t i o n  and s i m p l i f i e d  
models c o n t a i n  e s s e n t i a l l y  t h e  same p h y s i c a l  p r o c e s s  components; how- 
e v e r ,  t h e  implementat ion of t h e  p r o c e s s  v a r i e s  c o n s i d e r a b l y  due t o  t h e  
d i f f e r e n c e s  i n  w a t e r  r o u t i n g  methods. The components and b a s i c  model 
s t r u c t u r e  a r e  p r e s e n t e d  below. Th is  d i s c u s s i o n  i s  a  d e s c r i p t i o n  of 
e x i s t i n g  models,  b u t  may be  used a s  a  b l u e p r i n t  f o r  t h e  development of 
s i m i l a r  models. 

High R e s o l u t i o n  Model 

Once t h e  watershed has  been numer ica l ly  d e f i n e d  by t h e  above 
segmenta t ion  p rocedure ,  t h e  over land  f low u n i t s  and channel  f low u n i t s  
of t h e  watershed can be  determined.  Simons and L i  (1975) developed a  . watershed sediment model which i s  p r i m a r i l y  a p p l i c a b l e  f o r  s u r f a c e  
e r o s i o n  s i m u l a t i o n .  I t  s i m u l a t e s  t h e  l and  s u r f a c e  h y d r o l o g i c  c y c l e ,  
sediment p r o d u c t i o n ,  and wate r  and sediment movement on s m a l l  wa te r -  
s h e d s .  Concep tua l ly ,  t h e  watershed i s  d i v i d e d  i n t o  a n  over land  f low p a r t  
and a  channe l  system p a r t .  D i f f e r e n t  p h y s i c a l  p r o c e s s e s  a r e  impor tan t  
f o r  t h e  two d i f f e r e n t  environments .  I n  t h e  over land  f low l o o p ,  pro-  
c e s s e s  of i n t e r c e p t i o n ,  e v a p o r a t i o n ,  i n f i l t r a t i o n ,  and over land  flow 
w a t e r  r o u t i n g  t o  t h e  n e a r e s t  channel  a r e  s i m u l a t e d .  I n  a  channel  system 
l o o p ,  w a t e r  c o n t r i b u t e d  by over land  f low i s  r o u t e d .  A f l o w c h a r t  p r e -  
s e n t i n g  t h e  i n t e r r e l a t i o n s h i p  o f  t h e s e  p r o c e s s e s  i s  shown i n  F i g u r e  
12-7.  A b r i e f  summary of t h e  components i s  g iven  below. The model 
d e s c r i b e d  i n  F i g u r e  12-7 a l s o  c o n t a i n s  sediment  r o u t i n g  and e r o s i o n  
components. 

Overland Flow Loop 

There  a r e  t h r e e  components i n  t h e  over land  f low loop :  i n t e r c e p t i o n ,  
i n f i l t r a t i o n ,  and over land  s u r f a c e  w a t e r .  

I n t e r c e p t i o n  Component. I n  t h i s  component t h e  i n t e r c e p t i o n  amounts 
due t o  t h e  crown and f o r e s t  f l o o r  a r e  computed and t h e  n e t  r a i n f a l l  i s  
determined from t h e  r a i n f a l l  i n p u t .  The i n t e r c e p t i o n  l o s s  i n c l u d e s  t h e  
c o n s t a n t  i n t e r c e p t i o n  s t o r a g e , a n d  t h e  cont inuous  e v a p o r a t i o n  from i n t e r -  
c e p t i o n  s u r f a c e s .  Evapora t ion  i s  u s u a l l y  n e g l i g i b l e  d u r i n g  a s to rm.  
The i n t e r c e p t i o n  s t o r a g e , i s  formulated t o  be  a f u n c t i o n  o f  canopy cover  

.a d e n s i t y ,  ground cover  d e n s i t y ,  and v e g e t a t i o n  t y p e .  

I n f i l t r a t i o n  Component. Th i s  component of t h e  model s i m u l a t e s  t h e  
p r o c e s s  of i n f i l t r a t i o n .  The i n f i l t r a t i o n  r a t e  i s  computed by a n  
approximat ion o f  Darcy ' s  Law assuming t h a t  a  d i s t i n c t  w e t t i n g  f r o n t  
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F i g u r e  12-7. Flowchar t  f o r  t h e  watershed sediment and r o u t i n g  model. 

e x i s t s  and i s  formulated t o  be a  f u n c t i o n  of s a t u r a t e d  h y d r a u l i c  
c o n d u c t i v i t y ,  average  c a p i l l a r y  s u c t i o n  p r e s s u r e ,  s o i l  p o r o s i t y ,  
a n t e c e d e n t  mois tu re  c o n t e n t ,  and mois tu re  c o n t e n t  i n  t h e  we t ted  zone.  
There fore ,  t h e  r a t e  of r a i n f a l l  excess  can be  determined from t h e  n e t  
r a i n f a l l  and i n f i l t r a t i o n  r a t e s .  

Overland S u r f a c e  Water Rout ing Component. With t h i s  component t h e  
over land  s u r f a c e  wa te r  runoff  r e s u l t i n g  from t h e  mean r a i n f a l l  e x c e s s  i s  
rou ted  t o  t h e  n e a r e s t  channe l .  The r o u t i n g  procedure  i s  based  on t h e  
c o n t i n u i t y  of w a t e r ,  a  momentum e q u a t i o n  of k inemat ic  wave approxima- 
t i o n ,  and a s e t  o f  r e s i s t a n c e  f u n c t i o n s  f o r  d i f f e r e n t  h y d r a u l i c  condi-  
t i o n s .  The t o t a l  r e s i s t a n c e  t o  f low i s  assumed t o  be a  sum of  t h e  'drag 



r e s i s t a n c e  due t o  ground cover  and t h e  s h e a r  s t r e s s  a c t i n g  on t h e  s o i l  
bed.  The computation i s  c a r r i e d  o u t  by a  n o n l i n e a r  f i n i t e  d i f f e r e n c e  
scheme developed by L i  e t  a l .  (1975a) and computat ion r e s u l t s  i n c l u d e  
t h e  mean flow d e p t h ,  bed s h e a r  s t r e s s  and f low d i s c h a r g e  a t  computation 
p o i n t s  a s  a  f u n c t i o n  o f  t ime and space p o i n t .  

Channel Water Rout ing Component. Th i s  component o f  t h e  model 
r o u t e s  t h e  wa te r  down t h e  c reeks  i n  t h e  channe l  system and computes t h e  
hydrograph a t  t h e  watershed o u t l e t .  The l a t e r a l  w a t e r  in f lows  t o  t h e  
channe l  system a r e  t h e  over land  s u r f a c e  wa te r  f l o w s .  The channel  wa te r  
r o u t i n g  procedure  and t h e  f i n i t e  d i f f e r e n c e  scheme a r e  s i m i l a r  t o  t h o s e  
used i n  t h e  over land  f low loop .  

S i m p l i f i e d  Models 

The s i m p l i f i e d  models c o n t a i n  t h e  same p h y s i c a l  p r o c e s s e s  l i s t e d  
above,  b u t  t h e s e  r o u t i n e s  a r e  a p p l i e d  t o  s u b u n i t s  t h a t  a r e  i n  g e n e r a l  
much l a r g e r  t h a n  t h o s e  of t h e  high r e s o l u t i o n  model. I n  a d d i t i o n ,  t h e s e  
r o u t i n e s  a r e  uncoupled i n  t h e  s e n s e  t h a t  t h e y  a r e  used t o  c a l c u l a t e  t h e  
p r o c e s s  response f o r  t h e  e n t i r e  e v e n t  on a  g iven  u n i t  b e f o r e  p a s s i n g  on 
t o  t h e  n e x t  p h y s i c a l  p r o c e s s .  For  example, i n f i l t r a t i o n  f o r  t h e  e n t i r e  
s torm i s  c a l c u l a t e d  b e f o r e  p a s s i n g  t h e  e n t i r e  r a i n f a l l  excess  f u n c t i o n  
on t o  over land  flow r o u t i n g .  Th is  i s  a s  opposed t o  t h e  t ime s t e p  by 
t ime s t e p  c a l c u l a t i o n  o f  t h e  h igh  r e s o l u t i o n  model. T h e r e f o r e ,  some 
r e s o l u t i o n  i s  s a c r i f i c e d  f o r  a  g a i n  i n  computat ional  speed .  

The p h y s i c a l  p r o c e s s e s  modeled f o r  each t y p e  o f  u n i t  a r e  shown i n  
Tab le  12-1. The p r o c e s s e s  involved i n  t h e  p l a n e  and subwatershed u n i t s  
a r e  i d e n t i c a l  excep t  f o r  t h e  a n a l y t i c a l ,  channel  r o u t i n g  performed f o r  
t h e  subwatershed u n i t s .  The on ly  p r o c e s s e s  cons idered  f o r  t h e  channel  
u n i t s  a r e  numerical  rout , ing and channel  i n f i l t r a t i o n .  

Tab le  12-1. P h y s i c a l  p r o c e s s e s  cons idered  f o r  each t y p e  of u n i t  

P lane  Subwatershed Channel 

P h y s i c a l  1. I n t e r c e p t i o n  1. I n t e r c e p t i o n  1 . Channel 
P r o c e s s e s  I n f i l t r a t i o n  
Considered 

2 .  Overland 2 .  Overland 2 .  Numerical 
I n f i l t r a t i o n  I n f i l t r a t i o n  Channel 

Rout ing 

3 .  A n a l y t i c a l  3 .  A n a l y t i c a l  
Overland Overland 
Routing Routing 

4 .  A n a l y t i c a l  
Channel 
Routing 



Much of t h e  r a i n  f a l l i n g  d u r i n g  t h e  f i r s t  p a r t  o f  a  s to rm is  
i n t e r c e p t e d  by t h e  v e g e t a l  ground cover .  P r e c i p i t a t i o n  i n t e r c e p t e d  by 
v e g e t a t i o n  o r  o t h e r  ground cover  e v e n t u a l l y  e v a p o r a t e s ,  and t h e  amount 
o f  r a i n f a l l  r each ing  t h e  s o i l  s u r f a c e  i s  l e s s  t h a n  t h e  recorded amount. 
The amount of i n t e r c e p t i o n  l o s s  depends on t h e  pe rcen tage  of t h e  ground 
t h a t  i s  covered by canopy and ground cover ,  and t h e i r  r e s p e c t i v e  wa te r  
ho ld ing  c a p a c i t i e s .  I t  i s  assumed t h a t  i n t e r c e p t i o n  s t a r t s  a t  t h e  
beginning of a  s torm and c o n t i n u e s  u n t i l  t h e  p o t e n t i a l  i n t e r c e p t e d  
volume i s  f i l l e d .  

A p o r t i o n  of t h e  r a i n f a l l  r each ing  t h e  ground moves th rough  t h e  
s o i l  s u r f a c e  i n t o  t h e  s o i l .  Th i s  p r o c e s s  i s  d e f i n e d  a s  i n f i l t r a t i o n .  
The model used t o  s i m u l a t e  t h i s  p r o c e s s  i s  based on t h e  Green and. Ampt 
i n f i l t r a t i o n  e q u a t i o n  ( L i ,  Simons and E g g e r t ,  1976) .  

Using an approximate e x p l i c i t  s o l u t i o n  t o  t h e  Green-Ampt e q u a t i o n  
f o r  t ime v a r y i n g  r a i n f a l l  g iven by E g g e r t ,  L i  and Simons (1979) ,  a  
f u n c t i o n  f o r  i n f i l t r a t i o n  w i t h  r e s p e c t  t o  t ime i s  developed.  Thus, t h e  
i n f i l t r a t i o n  o c c u r r i n g  d u r i n g  a  s e l e c t e d  t ime p e r i o d  can be  determined 
i f  t h e  s o i l  c h a r a c t e r i s t i c s  a r e  known. 

An a n a l y t i c a l  s o l u t i o n  t o  t h e  c o n t i n u i t y ,  momentum, and c r o s s  
s e c t i o n  geometry e q u a t i o n s  i s  used t o  r o u t e  wa te r  i n  t h e  p l a n e  and 
subwatershed u n i t s .  The method p r e s e n t e d  i s  i d e n t i c a l  t o  t h e  r o u t i n g  
scheme p r e s e n t e d  by Simons, L i  and Egger t  (1977).  However, t h e  r o u t i n g  
of wa te r  w i t h  t h e  c o n d i t i o n s  of cont inuous  i n f i l t r a t i o n  i s  developed and 
i n c o r p o r a t e d .  Due t o  t h e  assumed "open book" geometry, b o t h  over land  
and channel  r o u t i n g  a r e  r e q u i r e d .  Excess r a i n f a l l ,  t h e  amount of r a i n -  
f a l l  n o t  i n t e r c e p t e d  o r  i n f i l t r a t e d ,  s e r v e s  a s  t h e  i n p u t  t o  t h e  over land  
flow r o u t i n g  scheme. R e s u l t s  of t h e  over land  f low r o u t i n g  a r e  t h e n  used 
a s  t h e  l a t e r a l  in f low i n t o  e i t h e r  a  subwatershed o r  a  channel  u n i t .  

The p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  f o r  over land  flow a r e  s o l v e d  by 
t h e  method of c h a r a c t e r i s t i c s .  The c h a r a c t e r i s t i c  p a t h s  a l o n g  which t h e  
s o l u t i o n  i s  v a l i d  can be  c a l c u l a t e d  i n  e i t h e r  t h e  upstream o r  downstream 
d i r e c t i o n .  Th is  a l lows  a  u s e r  t o  f i n d  t h e  d i s c h a r g e  a t ' t h e  downstream 
boundary f o r  any g iven  t i m e .  

A numerical  procedure  f o r  wa te r  r o u t i n g  developed by L i ,  Simons and 
S tevens  (1975a) i s  used f o r  t h e  channel  u n i t s .  Rout ing i s  accomplished 
by a  second-order  n o n l i n e a r  scheme developed t o  numerica.lly s o l v e  t h e  
kinemat ic  wave e q u a t i o n .  A numerical  r o u t i n g  procedure  r a t h e r  t h a n  an  
a n a l y t i c a l  procedure  i s  used f o r  t h e  channel  u n i t s  because  a n a l y t i c  
s o l u t i o n s  a r e  r e s t r i c t e d  by t h e  fo rmat ion  of k inemat ic  sh.ock. Kinematic 
shock r e s u l t s  when c h a r a c t e r i s t i c  p a t h s  i n t e r s e c t .  P h y s i c a l l y  t h i s  may 
be d e s c r i b e d  a s  a  f a s t e r  moving p a r c e l  of wa te r  o v e r t a k i n g  a  s lower  
moving p a r c e l  of wa te r  a s  t h e y  b o t h  t r a v e l  downstream. A n a l y t i c  s o l u -  
t i o n s  f o r  problems t h a t  have k inemat ic  shock d i s p l a y  d i s c o n t i n u i t i e s  i n  
t h e  hydrographs .  Due t o  t h i s  r e s t r i c t i o n ,  a  s imple  numerical  r o u t i n g  
procedure  i s  n e c e s s a r y  f o r  t h e  channel  u n i t s .  

S t a b i l i t y  of a numerical  procedure  r e f e r s  t o  whether  t h e  
computat ional  e r r o r s ,  due t o  t h e  f i n i t e  d i f f e r e n c e  approximat ion of t h e  
p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s ,  accumulate t o  a n  unbounded e r r o r .  I f  



t h e  e r r o r s  do n o t  grow unbounded, t h e  procedure  i s  s t a b l e .  The 
numerical  scheme t h a t  i s  used has  proved t o  be u n c o n d i t i o n a l l y  s t a b l e  
and can be  used w i t h  a  wide range of t ime t o  space  increment  r a t i o s  
w i t h o u t  l o s s  o f  s i g n i f i c a n t  accuracy .  However, t h e  p h y s i c a l  s i g n i f i -  
cance of t h e  t ime  and space i n t e r v a l s  should  be cons idered  when s e l e c t -  
i n g  t h e i r  v a l u e s .  

An i n f i l t r a t i o n  r o u t i n e  i s  combined w i t h  t h e  numerical  channel  
r o u t i n g  p rocedure  t o  account  f o r  channel  seepage l o s s e s .  The channel  
i n f i l t r a t i o n  p rocedure  i s  s i m i l a r  t o  t h e  over land  i n f i l t r a t i o n  p rocedure  
because  b o t h  a r e  based on t h e  Green-Ampt i n f i l t r a t i o n  e q u a t i o n  (1911) .  
The major d i f f e r e n c e  between t h e  two r o u t i n e s  i s  t h a t  t h e  d e p t h  of t h e  
wa te r  i n  t h e  channel  s i t u a t i o n  cannot  b e  n e g l e c t e d  a s  i n  t h e  over land  
s i t u a t i o n .  

T h i s  d e s c r i p t i o n  has  l i s t e d  t h e  components o f  a  MULTWAT model. The 
same d e s c r i p t i o n  a p p l i e s  t o  t h e  s imple  ANAWAT model up t o  t h e  numeri-cal 
channel  r o u t i n g  scheme. S i n c e  t h e  s i n g l e  open book r e p r e s e n t a t i o n  does 
n o t  r e q u i r e  a n  upstream in f low t o  any channel  segment,  a  numerical  
channel  r o u t i n g  i s  n o t  r e q u i r e d .  

1 2 . 4  EXCESS RAINFALL ESTIMATION 

A d i s c u s s i o n  of excess  r a i n f a l l  d e t e r m i n a t i o n  i n v o l v e s  t h e  
p r o c e s s e s  o f  r a i n f a l l  i n t e r c e p t i o n  and i n f i l t r a t i o n .  The f o r m u l a t i o n  of 
t h e s e  p r o c e s s e s  i s  t h e  same f o r  a l l  o f  t h e  models d i s c u s s e d  i n  t h i s  
c h a p t e r ,  t h e r e f o r e  t h e i r  d i s c u s s i o n  i s  combined i n  t h i s  s e c t i o n .  

 dinf fall I n t e r c e p t i o n  

The amount of i n t e r c e p t i o n  l o s s  depends on t h e  p e r c e n t a g e  of t h e  
ground t h a t  i s  covered by canopy and ground c o v e r ,  t h e i r  r e s p e c t i v e  
wa te r  h o l d i n g  c a p a c i t i e s ,  a s  w e l l  a s  t h e i r  i n i t i a l  m o i s t u r e  l e v e l s .  The 
t o t a l  i n t e r c e p t e d  volume can be w r i t t e n  a s  

i n  which 
"i i s  t h e  t o t a  

canopy cover  d e n s i t y  (0 - < C 
C 

cover  i n t e r c e p t i o n  i n  depth 

1 i n t e r c e p t e d  volume i n  d e p t h ,  C c  i s  t h e  

< I ) ,  vc - i s  t h e  p o t e n t i a l  volume of  canopy 

I, C i s  t h e  ground cover  d e n s i t y  ( 0  < C 
g  - g  

< 0 ,  - and V i s  t h e  p o t e n t i a l  volume of ground cover  i n t e r c e p t i o n  g 
i n  d e p t h .  The v a l u e  of Vi i s  dependent on t h e  t y p e  of v e g e t a t i o n ,  
h e i g h t  o f  v e g e t a t i o n  ( r e l a t e d  t o  l e a f  a r e a s ) ,  and t h e  i n i t i a l  m o i s t u r e  
l e v e l .  The v a l u e  of V i s  a  f u n c t i o n  of f o r e s t  l i t t e r ,  g r a s s  and rock 

g  
mulch, and t h e  i n i t i a l  mois tu re  l e v e l  

A s  t h e  c o m p u t a t i o n s ,  proceed through t i m e ,  t h e  r a i n f a l l  i s  a l l  
i n t e r c e p t e d  u n t i l  t h e  p o t e n t i a l  volumes f o r  ground and canopy cover  a r e  
f i l l e d .  T h i s  would c o n s t i t u t e  a  s e r i e s  of n e t  r a i n f a l l  r a t e s .  Although 
i n t e r c e p t i o n  l o s s e s  a r e  cont inuous  over  t h e  s torm p e r i o d ,  i t  i s  assumed 
t h a t  t h e  l o s s e s  occur  d u r i n g  t h e  beg inn ing  p e r i o d  of t h e  s torm.  A more 
d e t a i l e d  s i m u l a t i o n  o f  t h e  i n t e r c e p t i o n  p r o c e s s  i s  g iven  by Simons 
e t  a l .  (1975).  



Infiltration of Unsteady Rainfall 

In the determination of storm water runoff, an accurate estimation 
of storm water runoff is of critical importance. Not only the volume 
available for runoff, but the time history of the infiltration process 
is important if hydrographs are to be simulated. Because of its impor- 
tance and its association with the soil surface, infiltration is one of 
the model processes most sensitive to man's activities in the watershed. 
Therefore, it is important that the process be modeled in such a way 
that parameters are sensitive to watershed development and utilization 
activities. However, it is equally important that the infiltration 
routine be time-efficient so that a digital computer simulation will 
remain economical. 

In the past few years several authors: Bouwer, 1969; Li, Stevens 
and Simons, 1976; Bouwer, 1976; and Morel-Seytoux and Khanji, 1974 have 
discussed the applicability of the Green-Ampt (1911) equation to a 
variety of infiltration problems. In particular, Mein and Larson (1971) 
applied the equation to natural rainfall. Green and Ampt's formulation 
is particularly attractive since it is the simplest infiltration 
equation based on Darcy's Law. However, the method is somewhat more 
difficult to use than infiltration equations such as Horton's since the 
Green-Ampt equation is implicit with respect to time. This difficulty 
is particularly visible in watershed simulation when merging an infil- 
tration routine with a finite difference surface water routing scheme. 

Li, Stevens and Simons (1976) proposed a time-explicit solution to 
the Green-Ampt equation for the case of constant intensity rainfall. 
Since that time Eggert (1976) has presented a modification of that 
solution for unsteady rainfall, and Eggert, Li and Sirnorls (1979) have 
indicated a further extension of the method to layered soils. The 
models discussed in this section share the time-explicit formulation of 
the Green-Ampt equation for unsteady rainfall. A version of MULTWAT 
using layered infiltration has also been developed. 

The Green-Ampt infiltration model is a simple, physically based, 
two-parameter in£ iltration equation first proposed in 1911. It may be 
derived by direct application of Darcy's Law under the following 
assumptions: 

1. A distinct piston wetting front exists 

2. The hysteresis effects in the soil properties are negligible. 

3 .  The pressure effect of ponded water is negligible. 

A Green-Ampt type equation may be written as 

in which F is infiltrated volume, K is hydraulic conductivity of the 
soil in the wetted zone, t is time, and 6 is potential head parameter 
and is defined as 



i n  which 8 .  i s  m o i s t u r e  c o n t e n t  o f  t h e  s o i l  a f t e r  w e t t i n g ,  8. i s  
a n t e c e d e n t  Z i s t u r e  c o n t e n t ,  and 'ave 

i s  t h e  average  s u c t i o n  h e a d  
a c r o s s  t h e  w e t t i n g  f r o n t .  

I f  a t  any t ime  t t h e  i n f i l t r a t e d  volume i s  F ( t ) ,  t h e n  a t  some 
l a t e r  t i m e  t + At 

F ( t  + At) = F ( t )  + AF (12-6) 

i n  which AF i s  t h e  change i n  i n f i l t r a t e d  volume which o c c u r r e d  d u r i n g  
t ime  increment  A t .  An e x p r e s s i o n  f o r  02; i s  o b t a i n e d  from Equa t ion  
12-6 

AF = F ( t  + At) - F ( t )  (12-7) 

L i  e t  a l .  (1976a) developed t h e  f o l l o w i n g  methad o f  s o l v i n g  f o r  t h e  
i n f i l t r a t i o n  r a t e .  T h e i r  d e r i v a t i o n  y i e l d s  

Equa t ion  12-8 i s  i m p l i c i t  w i t h  r e s p e c t  t o  AF. However, t h e  e q u a t i o n  i s  
s i m p l i f i e d  by expanding t h e  l o g a r i t h m i c  term i n  a power s e r i e s  ( s e e  L i  
e t  a l . ,  1976b).  

T r u n c a t i n g  Equat ion 12-9 a f t e r  t h e  second term and s u b s t i t u t i n g  i n t o  
Equat ion 12-8,  one o b t a i n s  

Equa t ion  12-10 is  s i m p l i f i e d  i n t o  a  q u a d r a t i c  whose s o l u t i o n  i s  ( s e e  L i  
e t  a l . ,  1976a) 

Only t h e  p o s i t i v e  r o o t  of Equat ion 12-11 has  any p h y s i c a l  s i g n i f i c a n c e .  
- 

The average  i n f i l t r a t i o n  r a t e ,  f ,  i s  o b t a i n e d  by d i v i d i n g  Al? by A t  

- AE' f = -  
At 



A f t e r  account ing  f o r  t h e  i n t e r c e p t i o n  and i n f i l t r a t i o n  l o s s e s ,  t h e  
r a i n f a l l  excess  i can be determined.  A r a i n f a l l  e v e n t  i s  commonly 

e  r e p o r t e d  a s  a  hyetograph i . e . ,  a  s e r i e s  of n e t  r a i n f a l l  i n t e n s i t i e s  I ,  
each l a s t i n g  f o r  a t ime  increment A t .  Thus, i f  t h e  n e t  r a i n f a l l  i n t e n -  
s i t y  i s  g r e a t e r  t h a n  t h e  i n f i l t r a t i o n  r a t e ,  t h e  i n f i l t r a t i o n  r a t e  i s  
s u b t r a c t e d  from t h e  n e t  r a i n f a l l  i n t e n s i t y  t o  g i v e  t h e  excess  r a i n f a l l .  
I f  t h e  n e t  r a i n f a l l  i n t e n s i t y  i s  l e s s  t h a n  t h e  cor responding  i n f i l t r a -  
t i o n  r a t e ,  t h e  i n f i l t r a t i o n  r a t e  e q u a l s  t h e  n e t  r a i n f a l l  i n t e n s i t y  and 
t h e r e  i s  no e x c e s s .  

Bouwer (1969) and Brakensiek (1970) sugges ted  a n  a p p l i c a t i o n  o f  
Green and Ampt e q u a t i o n  t o  l a y e r e d  s o i l s  having e q u a l  l a y e r  t h i c k n e s s e s .  
T h e i r  b a s i c  concepts  a r e  e a s i l y  implemented t o  modify Equa t ion  12-11 t o  a  
form a l lowing  c a l c u l a t i o n  of t h e  change of i n f i l t r a t e d  volume w i t h i n  a  
g iven  s o i l  l a y e r .  The o n l y  a d d i t i o n a l  compl ica t ion  i s  t h e  i n c r e a s e d  
amount of bookkeeping r e q u i r e d  t o  know t h e  l o c a t i o n  of t h e  w e t t i n g  
f r o n t .  

B r i e f l y ,  a f t e r  Bouwer (1969) ,  t h e  t o t a l  head l o s s  Ah, through t h e  
I 

t h  s o i l  l a y e r s  t o  a  w e t t i n g  f r o n t  t h a t  i s  assumed t o  be i n  t h e  k- l a y e r  
may be w r i t t e n  a s  

t h  
where Az. i s  t h i c k n e s s  of t h e  i- s o i l  l a y e r  above t h e  !fitting f r o n t ,  
a i s  d e p t h  of pene t ra f i ion  of t h e  w e t t i n g  f r o n t  i n t o  t h e  k- l a y e r  below 
t h e  base  of t h e  k-1- l a y e r ,  and Jlave i s  average c a p i l l a r y  s u c t i o n  

t h  k  
head of t h e  k- l a y e r .  A d d i t i o n a l l y ,  t h e  t o t a l  head l o s s  may be  w r i t t e n  
i n  terms o f  Darcy 's  Law 

where q  i s  t h e  Darcian f l u x  which i s  e q u a l  by c o n t i n u i t y  f o r  a l l  
l a y e r s  behind t h e  w e t t i n g  f r o n t  and Ki i s  t h e  h y d r a u l i c  c o n d u c t i v i t y  

t h 
I 

of t h e  i- l a y e r .  Equat ing t h e  r igh t -hand  s i d e  o f  Equa t ions  12-13 and 
12-14, s o l v i n g  f o r  q  and u s i n g  a n a l y s i s  s i m i l a r  t o  t h e  homogeneous 

t h  
s o i l  c a s e ,  t h e  change i n  i n f i l t r a t e d  volume wi th in .  t h q  k- l a y e r  may be 
expressed a s  

where 
k- 1 



and 

Above Sw and Si a r e  t h e  degree  of s a t u r a t i o n  of t h e  we t ted  zone 
k k 

behind t h e  w e t t i n g  f r o n t  and t h e  i n i t i a l  degree  of s a t u r a t i o n  f o r  t h e  
t h  k- l a y e r ,  r e s p e c t i v e l y .  

Equa t ion  12-11 f o r  homogeneous s o i l s ,  and Equa t ions  12-15 and 12-16 
f o r  l a y e r e d  s o i l s  a r e  used t o  c a l c u l a t e  t h e  p o t e n t i a l  average  i n f i l t r a -  

- 
t i o n  r a t e  f  o c c u r r i n g  d u r i n g  t h e  t ime  i n t e r v a l  between t and t + A t .  
T h i s  c a l c u l a t i o n  i s  c a r r i e d  o u t  t ime increment  by time increment  
th roughout  t h e  e v e n t  and compared t o  t h e  cor responding  r a i n f a l l  i n t e n -  
s i t y .  I f  t h e  r a i n f a l l  i n t e n s i t y  i s  g r e a t e r  t h a n  t h e  average  i n f i l t r a t i o n  
r a t e ,  t h e  change i n  i n f i l t r a t i o n  volume d u r i n g  A t  i s  AF'. If t h e  
r a i n f a l l  i n t e n s i t y  i s  l e s s  t h a n  t h e  average  p o t e n t i a l  r a t e ,  t h e  change 
i n  i n f i l t r a t i o n  volume d u r i n g  A t  i s  rAt ,  where r i s  t h e  c u r r e n t  
r a i n f a l l  i n t e n s i t y .  S i n c e  Al? f o r  b o t h  l a y e r e d  and homogeneous s o i l s  

i s  a  f u n c t i o n  of t h e  i n f i l t r a t e d  volume a t  t ime  t ,  t h e  v a l u e  of 7 
d u r i n g  t ime increment  t t o  t + A t  r e f l e c t s  p e r i o d s  o f  r a i n f a l l  
c o n t r o l  a s  w e l l  a s  p o t e n t i a l  i n f i l t r a t i o n  r a t e  c o n t r o l .  T h e r e f o r e ,  
a l t h o u g h  t h e s e  methods appear  somewhat more invo lved  t h a n  H o r t o n ' s  and 
s i m i l a r  t i m e - e x p l i c i t  approaches t o  i n f i l t r a t i o n  c a l c u l a t i o n s ,  t h e  add i -  
t i o n a l  complexi ty  can p rov ide  an i n h e r e n t l y  more a c c u r a t e  d e s c r i p t i o n  of 
t h e  i n f i l t r a t i o n  p r o c e s s  under unsteady r a i n f a l l .  F u r t h e r ,  t h e s e  equa- 
t i o n s  and t h e  bookkeeping l o g i c  necessa ry  f o r  t h e i r  u s e  a r e  e a s i l y  
programmed f o r  i n c o r p o r a t i o n  i n t o  watershed s i m u l a t i o n s  o r  i n t o  t h e  more 
s o p h i s t i c a t e d  programmable c a l c u l a t o r s  f o r  s imple  i n f i l t r a t i o n  c a l c u l a -  
t i o n s  u s i n g  Equa t ion  12-11. 

12 .5  WATER ROUTING 

The l a r g e s t  d i f f e r e n c e  between t h e  h i g h  r e s o l u t i o n  wate r shed  model 
and t h e  s i m p l i f i e d  approaches  i s  v i s i b l e  i n  t h e  wa te r  r o u t i n g  methods. 
The b a s i c  t h e o r y  f o r  b o t h  k inds  o f  model i s  t h e  same; however, t h e  
s o l u t i o n  t e c h n i q u e s  used f o r  implementation of t h e  t h e o r y  a r e  d i f f e r e n t .  
The s i m p l i f i e d  models use  an  a n a l y t i c a l  s o l u t i o n  t o  t h e  k inemat ic  wave 
problem f o r  b o t h  over land  flow and t h e  unbranched f i n g e r - t i p  channel  
between t h e  p l a n e s  o f  t h e  open book o r  ANAWAT wate rsheds .  I n  t h e  h igh  
r e s o l u t i o n  and t h e  connec t ing  channels  o f  NULTWAT, a  numer ica l  wa te r  
r o u t i n g  scheme i s  used .  Both schemes a r e  based on t h e  t h e o r y  p r e s e n t e d  
below. 

Governing Equa t ions  

Water runof f  can be d e s c r i b e d  by t h e  e q u a t i o n  o f  c o n t i n u i t y ,  t h e  
e q u a t i o n  o f  mot ion,  and e q u a t i o n s  d e s c r i b i n g  r e s i s t a n c e  t o  f low.  



C o n t i n u i t y  Equa t ion .  The e q u a t i o n  o f  c o n t i n u i t y  f o r  w a t e r  i s  

i n  which Q i s  d i s c h a r g e ,  x  i s  downslope d i s t a n c e ,  A i s  c r o s s -  
s e c t i o n a l  a r e a  of f low,  t i s  t i m e ,  and qQ i s  l a t e r a l  i n f l o w  o r  
outf low r a t e  p e r  u n i t  l e n g t h  of channe l .  For  over land  f low,  92 i s  
r a i n f a l l  e x c e s s ,  A i s  dep th  of f low,  and Q i s  d i s c h a r g e  p e r  u n i t  
width  of channe l .  

Momentum Equa t ion .  The momentum e q u a t i o n  f o r  a  p r i s m a t i c  channel  
can be  expressed  a s  (Henderson, 1966) 

i n  which S i s  f r i c t i o n  s l o p e ,  S i s  channel  bed s l o p e ,  y  i s  dep th  
0 of f low,  a n d  g  i s  g r a v i t a t i o n a l  a c c e l e r a t i o n .  

The assumption of t h e  k inemat ic  wave approximat ion i s  t h a t  t h e  
f r i c t i o n  s l o p e  i s  e q u a l  t o  t h e  channel  bed s l o p e .  Tha t  i s ,  t h e  g r a d i -  
e n t s  due t o  l o c a l  and convec t ive  a c c e l e r a t i o n s  a r e  assumed t o  be  
neg l i .g ib le  and t h e  w a t e r  s u r f a c e  s l o p e  i s  assumed t o  be  e q u a l  t o  t h e  bed 
s l o p e .  Then t h e  s i m p l i f i e d  momentum e q u a t i o n  i s  

i n  which f  i s  t h e  Darcy-Weisbach f r i c t i o n  f a c t o r  and R i s  the 
h y d r a u l i c  r a d i u s .  By d e f i n i t i o n ,  

i n  which P i s  wet ted  p e r i m e t e r .  Usua l ly  t h e  we t ted  p e r i m e t e r  can b e  
expressed  a s  a  power f u n c t i o n  o f  t h c  :low a r e a  i . e . ,  

where a  and b l  a r e  c o n s t a n t s .  
1 

I f  Manning's e q u a t i o n  i s  ustld, ?.!ye s i m p l i f i e d  momentum e q u a t i o n  i s  

i n  which n  i s  Manning's roughness c o ~ f - f i c i e n t  



R e s i s t a n c e  Equa t ions .  I n  a  n a t u r a l  wa te r shed ,  t h e  form r e s i s t a n c e  
due t o  t h e  ground cover i s  a  ve ry  impor tan t  component of t h e  r e s i s t a n c e  
t o  f low.  The dependence of Flow r e s i s t a n c e  on ground cover  becomes 
f u r t h e r  complicated depending on whether t h e  ground cover  i s  submerged 
o r  n o t .  R a r e l y  i s  t h e  ground cover  submerged i n  over land  f low u n i t s .  
T h e r e f o r e ,  i n  over land  f low u n i t s  one o n l y  needs t o  c o n s i d e r  t h e  r e s i s -  
t a n c e  caused by flow through t h e  ground c o v e r .  I n  channel  f low u n i t s ,  
t h e  p r o b a b i l i t y  of submerging t h e  ground cover  i s  r e l a t i v e l y  g r e a t .  
R e s i s t a n c e  i s  t h e n  cons idered  a s  t h e  resistance caused by f low through 
ground cover  and flow over  ground cover  s imul taneous ly .  

R e s i s t a n c e  t o  f low f o r  t h e  over land  flow response u n i t s  i s  
g e n e r a l l y  expressed  a s  a  f u n c t i o n  of s u r f a c i n g  m a t e r i a l ,  v e g e t a t i o n  t y p e  
and d e n s i t y  o f  v e g e t a t i o n .  Palmer (1946) )  Ree (1949) ,  and Ree and 
Palmer (1949) conducted a  s e r i e s  of exper iments  i n  channe l s  w i t h  v a r i o u s  
t y p e s  of g r a s s e s .  More r e c e n t l y ,  Kouwen and Unny (1969) ,  Phe lps  (1970) ,  
Wenzel (1970))  L i  and Shen (1973) )  and Chen (1976) c a r r i e d  t h e  e x p e r i -  
mental  s t u d i e s  f u r t h e r .  R e s u l t s  i n d i c a t e  a  f u n c t i o n a l  r e l a t i o n s h i p  
bet.ween t h e  o v e r a l l  Darcy-Weisbach f r i c t i o n  f a c t o r  and flow c h a r a c t e r -  
i s t i c s  a s  

i n  which f  i s  t h e  o v e r a l l  Darcy-Weisbach f r i c t i o n  c o e f f i c i e n t ,  N r  i s  
t h e  f low Reynolds number, 

Kt i s  a  c o n s t a n t  d e s c r i b i n g  t h e  o v e r a l l  
r e s i s t a n c e .  According t o  Chen (1976) )  t h i s  t y p e  of r e l a t i o n s h i p  can be 

5 used f o r  a  Reynolds number up t o  10 . This  would p r a c t i c a l l y  cover  a l l  
of t h e  p o s s i b l e  over land  flow c o n d i t i o n s  on n a t u r a l  s u r f a c e s .  

The flow Reynolds number i s  d e f i n e d  a s  

i n  which v i s  t h e  k inemat ic  v i s c o s i t y  of w a t e r .  

A review of l i t e r a t u r e  s u g g e s t s  t h a t  t h e  o v e r a l l  f low r e s i s t a n c e  
of over land  flow can be assumed a s  

i n  which i s  t h e  parameter  d e s c r i b i n g ,  t h e  minimum r e s i s t a n c e  
\. 

(5 = 0 . 0 )  and Kh i s  t h e  parameter  d e s c r i b i n g  t h e  maximum r e s i s t a n c e  

(CP = l . O ) .  

I n  channel  f low,  t h e  Darcy-Weisbach f r i c t i o n  f a c t o r  i s  o f t e n  
cons idered  a s  a  c o n s t a n t .  Sometimes, t h e  Chezy f u n c t i o n  e q u a t i o n  i s  
used i n  e v a l u a t i n g  t h e  o v e r a l l  r e s i s t a n c e  f o r  over land  f low and f low i n  
r i v e r s .  By d e f i n i t i o n  



i n  which C i s  Chezy's  f r i c t i o n  f a c t o r .  Equat ion 12-26 shows t h a t  a  
c o n s t a n t  v a l u e  o f  f w i l l  g i v e  a  c o n s t a n t  v a l u e  of C .  

Manning's e q u a t i o n  i s  f r e q u e n t l y  used by h y d r a u l i c  e n g i n e e r s  t o  
d e s c r i b e  flow i n  open channe l s .  The Manning roughness c o e f f i c i e n t  i s  
u s u a l l y  determined by measurement and can be expressed  a s  a  power 
f u n c t i o n  of f low d i s c h a r g e  i . e . ,  

i n  which a  and b2 a r e  c o n s t a n t .  
2  

Discharge and Flow Area R e l a t i o n  
a r e a  of t h e  f low can be expressed  

g e n e r a l ,  t h e  c r o s s - s e c t i o n a l  
power f u n c t i o n  of d i s c h a r g e  

i n  which a and B a r e  c o e f f i c i e n t s  whose v a l u e s  depend on t h e  shape 
of t h e  channe l ,  t h e  f r i c t i o n  s l o p e ,  and t h e  roughness o f  th.e wet ted 
p e r i m e t e r .  

I f  t h e  Darcy-Weisbach f r i c t i o n  f a c t o r  i s  used ,  t h e  v a l u e s  of a and 
f3 can b e  determined by s u b s t i t u t i n g  Equat ions  12-19,  12-20, 12-21, 
12-23 and 12-24 i n t o  Equat ion 12-28. The s o l u t i o n s  a r e  

and 

For  over land  f lows o r  f lows i n  v e r y  wide c h a n n e l s ,  t h e  we t ted  p e r i m e t e r  
i s  c o n s t a n t  s o  t h a t  b l  = 0  and $ = 113. 

I f  Manning's e q u a t i o n  i s  a p p l i e d ,  t h e  corresponding CY and f3 
v a l u e s  a r e  determined from Equat ions  12-20, 12-21, 12-22, 12-27 and 
12-28. The r e s u l t s  a r e  

and 



If t h e  Chezy f r i c t i o n  e q u a t i o n  i s  used ,  t h e  cor responding  a and B 
v a l u e s  a r e  determined by u s i n g  Equa t ions  12-19, 12-20, 12-21,  12-26 and 
12-28. The. v a l u e s  a r e  

F o r  t h e  k inemat ic  wave approximat ion,  t h e  f r i c t i o n  s l o p e  Sf i n  
Equa t ions  12-29, 12-31 and 12-33 i s  e q u a l  t o  t h e  bed s l o p e  So. 

The problem of  w a t e r  r o u t i n g  i s  now a  m a t t e r  o f  s o l v i n g  Equa t ions  
12-17 and 12-28. These two e q u a t i o n s  can be  so lved  e i t h e r  by a n  a n a l y t -  
i c a l  method o r  a  numerical  method. The s o l u t i o n  t e c h n i q u e s  fo l low.  

A n a l v t i c a l  S o l u t i o n s  

The a n a l y t i c a l  s o l u t i o n s  o f  Equat ions  12-17 and 12-28 a r e  a v a i l a b l e  
f o r  some s p e c i a l  c a s e s  (Eagleson,  1970; K i b l e r  and Woolhiser ,  1970; 
Har ley  e t  a]. . , 1970; and L i  e t  a l . ,  l975b) .  For  a n a l y t i c a l  s o l u t i o n s ,  
it i s  common t o  e x p r e s s  Equat ion 12-28 i n  t h e  f o l l o w i n g  form 

Q = C I ' A  $ '  
where 

and 

From Equa t ions  12-17 and 12-35, one o b t a i n s  

T h i s  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  may be  s o l v e d  by t h e  method of 
c h a r a c t e r i s t i c s .  The t o t a l  d i f f e r e n t i a l  of A ( x , t )  is  g iven  by 

Equa t ions  12-38 and 12-39 form a  system of two e q u a t i o n s  i n  two 
unknowns, and may be w r i t t e n  i n  m a t r i x  form a s  



The c h a r a c t e r i s t i c  p a t h s  a long  which t h e  s o l u t i o n  i s  v a l i d  a r e  
found by de te rmin ing  t h e  l o c i  of indeterminancy of t h e  s o l u t i o n .  These 
l o c i  a r e  o b t a i n e d  by e q u a t i n g  t h e  de te rminan t  of t h e  c o e f f i c i e n t  m a t r i x  
w i t h  z e r o .  The r e s u l t i n g  c h a r a c t e r i s t i c  e q u a t i o n  i s  

I n t e g r a t i n g  Equat ion 12-41 w i t h  r e s p e c t  t o  t ime y i e l d s  

i n  which x i s  i n i t i a l  d i s t a n c e  and to i s  i n i t i a l  t ime .  
0 

The i n v a r i a n t s  of t h i s  s o l u t i o n  a r e  found by s u b s t i t u t i n g  t h e  
r ight-hand s i d e  of Equat ion 12-40 f o r  each column of t h e  c o e f f i c i e n t  
mat r ix  and e q u a t i n g  t h e  de te rminan t  of t h e  r e s u l t i n g  m a t r i x  e q u a l  t o  
z e r o .  The i n v a r i a n t s  a r e  

o r  by i n t e g r a t i n g  Equat ion 12-43 

i n  which A and Qo a r e  i n i t i a l  v a l u e s  of a r e a  and d i s c h a r g e ,  
0 

r e s p e c t i v e l y .  By s u b s t i t u t i . n g  Equat ion 12-44 i n t o  Equa t ion  12-42,  t h e  
f o l l o w i &  e x p r e s s i o n  f o r  t h e  c h a r a c t e r i s t i c  i s  o b t a i n e d  

T h e o r e t i c a l - l y ,  i f  t h e  f u n c t i o n a l  form of qR(o) i s  known, t h e n  
Equat ion 12-46 w i l l  g i v e  t h e  c h a r a c t e r i s t i c s  i n  t h e  x - t  p l a n e .  Har ley 
e t  a l .  (1970) noted t h a t  when qg(a)  i s  a  h i s togram,  then , w i t h  
r e f e r e n c e ,  Equa t ion  12-44.and 12-46 may be e v a l u a t e d  i n  p i e c e s .  

The procedure  a s  o u t l i n e d  by Harley e t  a l .  '(1970) i s  a s  fo l lows  
( s e e  F i g u r e  12-8) .  From any p o i n t  ( x .  t . )  on c h a r a c t e r i s t i c  C ,  t h e  

1' 1 

v a l u e  of on C corresponding t o  t ime ti+l may be  c a l c u l a t e d  

by Equat ion 12-46. 



F i g u r e  12-8.  Schematic diagram of c h a r a c t . e r i s t i c  p a t h  

X 
a' = x  + -  

i+ 1 q ~ i + l  '[Aj. + '~j.+l ( t .  1+1 - t i ) l P 1  - Ai " ) (12-48) 

f o r  q Ri+ 1 
# 0 ,  and 

f o r  q 
Qi+ 1 = 0 

From Equat ion 12-44 one o b t a i n s  

Ai+l  = A .  1 + q Q i + l  ( t i+ l  - t i )  

For  a g iven  p l a n e  of l e n g t h  L v a l u e s  o f  x .  
1+1 

a r e  c a l c u l a t e d  u n t i l  

x > L .  The t ime o f - a r r i v a l  of t h e  c h a r a c t e r i s t i c  a t  t h e  downstream i + l  - 
boundary t i s  found by s o l v i n g  Equat ion 12-48 o r  Equat ion 12-49 f o r  L t~ 
i n  terms of t and x . .  

j J 



f o r  
'Qi+l # 0 ,  and 

Then, t h e  d i s c h a r g e  a t  t h e  end of channel  o r  over land  f low r e a c h  i s  

Repeat ing t h e  above s o l u t i o n ,  i t  i s  n o t  d i f f i c u l t  t o  r o u t e  t h e  
wa te r  i n  terms of t ime and space .  However, t h e  t i m i n g  o f  t h e  ou t f low a t  
t h e  downstream boundary tL cannot  be p rede te rmined .  L i  e t  a l .  (1975a) 

sugges ted  t r a c i n g  t h e  c h a r a c t e r i s t i c  p a t h  backward from t h e  downstream 
boundary f o r  a d e s i r e d  

tL. T h e i r  method i s  s imply t o  s o l v e  Equa t ion  
12-46 i n  terms o f  to. O r  

A s  p o i n t e d  o u t  e a r l i e r ,  t h e  c o n t i n u i t y  e q u a t i o n  f o r  over land  flow 
has t h e  same form a s  Equat ion 12-17. That i s  

where q i s  t h e  over land  f low d i s c h a r g e  p e r  u n i t  width, ,  y i s  d e p t h  of 
over land  f low,  and e i s  excess  r a i n f a l l  i n t e n s i t y .  Also ,  analogous t o  
Equat ion 12-35 

where, u s i n g  t h e  Darcy-Weisbach r e s i s t a n c e  e q u a t i o n  f o r  over land  flow 

and 

B1 = 3 

Noting t h a t  t h e  l a t e r a l  in f low t o  t h e  channel  between t h e  p l a n e s  of 
t h e  open-book watershed q i s  simply t h e  sum of  over land  f low 
d i s c h a r g e  hydrographs from h e  two p l a n e s ,  t h e  b a s i s  f o r  a n  ANAWAT 
watershed modcl has  been e s t a b l i s h e d .  I n  f a c t ,  t h e  r o u t i n g  of s torm 
wate r  i n  such a watershed may be a c ~ o m ~ l i s h e d ' u s i n g  o.nly t h e  development! 



t o  t h i s  p o i n t .  The over land  and channel  f low hydrographs may be 
determined w i t h  g r e a t  r e s o l u t i o n  u s i n g  Equa t ions  12-44, 12-53 and 12-54. 
However, a s  examinat ion of Equa t ions  12-51 and 12-52 shows, t 

t h e  t ime 
a t  which t h e  over land  f low hydrograph p o i n t s  a r e  known, i s  a u n c t i o n  of 
r a i n f a l l ,  geometr ic  and h y d r a u l i c  pa ramete rs .  T h e r e f o r e ,  i f  t h e  two 
p l a n e s  a r e  d i s s i m i l a r ,  t h e  t imes  tL f o r  t h e  two over land  flow 
hydrographs w i l l  n o t  cor respond ,  and i n  o r d e r  t o  form t h e  l a t e r a l  in f low 
hydrograph t o  t h e  channe l ,  b o t h  over land  flow hydrographs must be i n t e r -  
p o l a t e d  o n t o  a  common t ime  b a s e .  Th is  c a l c u l a t i o n  p r e s e n t s  no d i f f i -  
c u l t i e s ,  b u t  it i s  somewhat t ime consuming and i n t r o d u c e s  some e r r o r  
i n t o  t h e  l a t e r a l  in f low hydrograph. When u s i n g  a  programmable c a l c u l a -  
t o r  method, t h i s  s t e p  must be performed; however, a  computer p r o v i d e s  
s u f f i c i e n t  s t o r a g e  f o r  a  more e l e g a n t  method. 

I f  qQ(o) i n  Equa t ion  12-54 i s  i n  t h e  form of  a h i s togram,  
Equa t ion  12-54 becomes a  polynomial of degree  Q t h a t  may be s o l v e d  f o r  
t when tL i s  s e l e c t e d .  T h i s  a l lows  t h e  t ime  p o i n t s  of t h e  over land  
fyow d i s c h a r g e  hydrographs t o  be s e l e c t e d  p r o v i d i n g  f o r  s imple  a d d i t i o n  
of t h e  hydrograph p o i n t s  t o  form t h e  l a t e r a l  in f low t o  t h e .  channe l .  
Using t h e  n o t a t i o n  of Equat ions  12-55 and 12-56, t h e  method i s  d e s c r i b e d  
below f o r  over land  f low.  

S i n c e  e ( t )  has  t h e  form of a  h i s togram,  e x c e s s  r a i n f a l l  d u r i n g  
t h  

t h e  j- t ime  increment  t .  - t .  i s  c o n s t a n t .  I n  a d d i t i o n ,  t h e  form 
J  J -1  

of Equa t ion  12-54 may be s i m p l i f i e d  by n o t i c i n g  t h e  i n n e r  i n t e g r a t i o n  
i . e . ,  t h e  i n t e g r a t i o n  on a i s  s imply t h e  d i f f e r e n c e  between t h e  cumu- 
l a t i v e  e x c e s s  a t  t ime tL and t h e  c u n ~ u l a t i v e  excess  a t  t ime to.  T h a t  
i s  

where E r e p r e s e n t s  t h e  cumulat ive  e x c e s s .  

With t h i s  n o t a t i o n  i n  mind and t a k i n g  advantage o f  t h e  h i s togram 
form of e ( t ) ,  Equat ion 12-59 may be r e w r i t t e n  a s  

k t .  PI-1  
+ J [ei t '  - e .  t + E .  - e .  t + e .  t .  - E . ]  d t '  

1 i.-1 1-,l ~ + 1  o ~ + 1  -1 i = j + 2  t J 
i- 1 



Equation 12-60 consists of nothing more than a series of simple 
integrations of the form 

Integrating as in Equation 12-61 and introducing A as defined below 
i 

A. = -e. t. + Ei-l + e. t. - E. 
1 1 1-1 J + I  J (12-62) 

J 

Equation 12-60 may be written as 

Since Equation 12-63 may be explicitly differentiated with respect 
to t a Newton-Raphson technique provides a simple solution. The 
subrou~kne developed uses a second-order routine to speed convergence. 
The routine proceeds by rewriting Equation 12-63 as 

The first and second derivatives of f(t,) with respect to to are, 
respectively 



B1-1 P1-1 
- [ e .  ti-l + Ai 

1 - e j t l  t o l  1, - Lej+* t j+* - ej+l  t o )  
(12-65) 

and 

The second-order  Newton's method is  based on t r u n c a t i n g  T a y l o r ' s  s e f i e s  
expansion of f ( t  ) a b o u t  a t r i a l  v a l u e  of to, d e f i n e d  a s  t ", a f t e r  
t h e  t h i r d  term.  &us,  f ( t o )  i s  w r i t t e n  a s  

Roots of f ( t o )  a r e  t h e n  ob ta ined  by s e t t i n g  f ( t o )  = 0 i n  

Equa t ion  12-67 and s o l v i n g  t h e  r e s u l t i n g  q u a d r a t i c  f o r  to. T h i s  v a l u e  

o f  to becomes t h e  n e w . e s t i m a t e  of t h e  r o o t  and i t e r a t i o n s  c o n t i n u e  
u n t i l  

where r l  i s  some a r b i t r a r i l y  s m a l l  convergence inc rement .  



I n  t h i s  manner, t ' s  can be c a l c u l a t e d  corresponding t o  s e l e c t e d  
0 

t Is. The v a l u e s  of to c o n t a i n  some e r r o r  due t o  Newton's method L 
approximat ion;  however, t h i s  e r r o r ,  u n l i k e  t h e  e r r o r  due t o  i n t e r p o l a -  
t i o n ,  may be p r e c i s e l y  c o n t r o l l e d  by t h e  s p e c i f i c a t i o n  of 11. 

The number of terms i n  t h e  summation appear ing  i n  Equa t ions  12-64, 
12-65 and 12-66 a r e  determined by u s i n g  t h e  h i s togram of t h e  l a t e r a l  
in f low t o  subd iv ide  t h e  s o l u t i o n  domain. T h i s  s u b d i v i s i o n  i s  accorn- 
p l i s h e d  by c a l c u l a t i n g  t h e  c h a r a c t e r i s t i c s  a r i s i n g  a t  t h e  beg inn ing  of 
each new his togram element  (F igure  12-9) .  S i n c e  t h e  a p p l i c a t i o n s  f o r  
which t h e s e  r o u t i n e s  a r e  in tended  never  e x h i b i t  k inemat ic  shock,  no 
c h a r a c t e r i s t i c s  i n  t h e  s o l u t i o n  domain i n t e r s e c t .  T h e r e f o r e ,  t h e  
c h a r a c t e r i s t i c s  c a l c u l a t e d  s e r v e  a s  a  minimum s e t  o f  bounds f o r  t h o s e  t o  
be  c a l c u l a t e d  by Equa t ion  12-68. The number of terms i n  Equa t ions  12-64 
through 12-66 a r e  immediately known by s imply coun t ing  t h e  number of 
h i s togram u n i t s  c r o s s e d  by t h e  r e g i o n s  t h a t  a r e  bounded by t h e  charac -  
t e r i s t i c s  having t ' s  on e i t h e r  s i d e  of t h e  L 

tL s e l e c t e d  (F igure  
12-9) .  Thus,  t h e  v a l u e s  of k and j f o r  a  g iven  tL i n  Equa t ions  
12-64 through 12-66 a r e  known. 

F i g u r e  12-9. Method of c h a r a c t e r i s t i c s  s o l u t i o n  domain i l l u s t r a t i n g  
upstream c a l c u l a t i o n  of c h a r a c t e r i s t i c s  between boundihg 
c h a r a c t e r i s t i c s  p r e v i o u s l y  c a l c u l a t e d  i n  downstream 
d i r e c t i o n .  



T h i s  t e c h n i q u e  p r o v i d e s  a  r a p i d  means of f i n d i n g  t o ' s  

cor responding  t o  a  g iven  t L .  Three  i t e r a t i o n s  of Newton's  method have 

seemed s u f f i c i e n t  f o r  q = 0.0001. Knowing to and tL, t h e  dep th  may 

b e  e v a l u a t e d  a t  t h e  downstream boundary a t  t ime  tL 
by u s i n g  Equat ion 

12-44.  Th is  dep th  i s  used t o  de te rmine  d i s c h a r g e  at; t h e  downstream 
boundary a t  t ime  tL by u s i n g  Equa t ion  35 w i t h  q and y  s u b s L i t u t e d  

f o r  Q and A ,  r e s p e c t i v e l y .  
.Q 

F o r  t h e  s i m p l i f i e d  f o r m u l a t i o n  i n  t h e  absence of channel  
c r o s s - s e c t i o n a l  d a t a ,  i t  may be  assumed t h a t  t h e  p l a n e s  meet t o  form a  
t r i a n g u l a r  channel  a s  shown i n  F i g u r e  12-10. The wet ted  p e r i m e t e r  of 
t h a t  channel  P ( F i g u r e  12-10) may be  expressed  a s  

where t h e  s u b s c r i p t s  r e f e r  t o  p l a n e  1 and p l a n e  2 .  S i n c e  tl and t2 
may b e  expressed  a s  

Equa t ion  12-69 may be w r i t t e n  

F i g u r e  12-10. D e f i n i t i o n  s k e t c h  o f  t r i a n g u l a r  channe l .  

R e f e r r i n g  t o  F i g u r e  12-10, t h e  c r o s s - s e c t i o n  a r e a  of t h e  channe l  may be 
expressed  a s  



Solv ing  Equat ion 12-72 f o r  y  and s u b s t i t u t i n g  t h e  r e s u l t  i n t o  Equa t ion  
12-71 y i e l d s  t h e  fo l lowing  e x p r e s s i o n  f o r  P i n  terms o f  A 

w i t h  

and 

The a l  and b l  once c a l c u l a t e d  may t h e n  be used t o  o b t a i n  a t  and 

f3' by s u b s t i t u t i o n  i n t o  e i t h e r  Equat ion 12-53 o r  12-54. If channel  
c r o s s - s e c t i o n a l  d a t a  i s  a v a i l a b l e ,  a  and bl can be  determined.  

1 

The above a n a l y t i c a l  s o l u t i o n  i s  c e r t a i n l y  d e s i r a b l e  s i n c e  t h e r e  i s  
no problem encountered i n  computat ional  s t a b i l i t y  and convergence.  
U n f o r t u n a t e l y ,  t h i s  a n a l y t i c a l  s o l u t i o n  i s  o f t e n  r e s t r i c t e d  f o r  p r a c t i -  
c a l  a p p l i c a t i o n s  because  of t h e  lcinematic "shock wave." The shock i s  
r e p r e s e n t e d  by t h e  i n t e r s e c t i o n s  of c h a r a c t e r i s t i c s  i n  t h e  x - t  p l a n e .  
Th is  produces a n  a b r u p t  i n c r e a s e  i n  f low dep th  ( K i b l e r  and Woolhiser ,  
1970).  An example o f  t h e  k inemat ic  wave shock i s  g iven  i n  F i g u r e  12-11. 
Li  e t  a l .  ( 1 9 7 6 ~ )  g i v e s  an  in -dep th  d i s c u s s i o n  of t h i s  l i m i t a t i o n .  How- 
e v e r ,  f o r  a s m a l l  watershed w i t h  s imple  geometry having two plartes and 
one channe l ,  t h e  above a n a l y t i c a l  procedure  can be  used .  Simons e t  a l .  
(1977a) r e p o r t e d  a  s imple  watershed model using s m a l l  programmable 
c a l c u l a t o r s  based on t h e  two-planes and one-channel r e p r e s e n t a t i o n  of 
wa te r sheds .  

F i g u r e  12-11. Schematic diagram of kinematic-wave shock fo rmat ion .  



Numerical S o l u t i o n  

L i  e t  a l .  (197713) and Simons (1977) developed a  n o n l i n e a r  scheme 
w i t h  an  i t e r a t i v e  p rocedure  t o  s o l v e  a  f o u r - p o i n t  i m p l i c i t  f o r m u l a t i o n  
of Equa t ions  12-17 and  12-28. A l i n e a r  scheme i s  used t o  o b t a i n  t h e  
i n i t i a l .  e s t i m a t e  o f  t h e  unknown d i s c h a r g e  f o r  t h e  n o n l i n e a r  scheme. The 
l i n e a r  scheme may be used a s  i s ,  w i t h  no i t e r a t i o n s  t o  s o l v e  f o r  t h e  
unknown d i s c h a r g e ,  p r o v i d i n g  accuracy i s  s a t i s f a c t o r y .  

Nonl inear  Scheme. The f i n i t e  d i f f e r e n c e  form of Equa t ion  12-17 
u s i n g  q u a n t i t i e s  a t  a l l  f o u r  p o i n t s  ( s e e  F i g u r e  12-12) of t h e  box scheme 
can be w r i t t e n  a s  

i n  which Q: i s  q u a n t i t y  Q a t  g r i d  p o i n t  x  = jAx, t = nAt,  whcre 
J 

Ax i s  t h e  space  increment  and A t  i s  t h e  t ime  inc rement .  A l s o ,  a  i s  
t h e  t ime weigh t ing  f a c t o r  and b i s  t h e  space  weigh t ing  f a c t o r  where 
O < a < l  - - and O < b < l .  - - 

o Known Grid Point 

X Unknown Grid Point 

F i g u r e  12-12. Rec tangula r  network i n  x - t  p l a n e .  

n+ 1. "+' b u t  t h e y  a r e  The unknowns i n  Equa t ion  12-77 a r e  qj+l  and Ai+ l ,  

r e l a t e d  a c c o r d i n g  t o  Equat ion 12-28. With t h e s e  two e i u a t i o n s ,  t h e  two 
unknowns may be c a l c u l a t e d  . The boundary c o n d i t i o n s  r e q u i r e d  f o r  t h i s  
p a r t i c u l a r  f o r m u l a t i o n  a r e  a s  f o l l o w s :  Q ( 0 , t )  and Q(x,O), o r  i n  o t h e r  
words, t h e  d i s c h a r g e  must be  known o r  assumed a l o n g  b o t h  t h e  space  a x i s  
[Q(x,O)]  and t h e  t ime  a x i s  [ Q ( O , t ) ] .  No downstream boundary c o n d i t i o n s  



a r e  r e q u i r e d .  However, i f  t h e r e  i s  a  s t r o n g  downstream c o n t r o l ,  t h e  
kinemat ic  wave approximat ion no l o n g e r  a p p l i e s .  

E i t h e r  Q o r  A can be s e l e c t e d  a s  t h e  independent  v a r i a b l e  i n  
t h e  numerical  procedure .  A s  customary i n  backwater computat ions ,  t h e  
dep th  of f low ( e q u i v a l e n t  t o  A above) i s  chosen a s  t h e  independent  
v a r i a b l e  ( s e e  Henderson, 1966) .  However, Q i s  a  b e t t e r  cho ice  f o r  t h e  
fo l lowing  reason .  From Equat ion 12-28 one can d e r i v e  

S i n c e  t h e  v a l u e  of $ i s  g e n e r a l l y  l e s s  t h a n  1 . 0 ,  i f  t h e  d i s c h a r g e  i s  
computed i n c o r r e c t l y ,  t h e  r e l a t i v e  e r r o r  i n  t h e  f low a r e a  i s  s m a l l e r  
t h a n  t h e  r e l a t i v e  e r r o r  i n  t h e  d i s c h a r g e .  On t h e  o t h e r  hand, t h e  e r r o r  
i n  t h e  d i s c h a r g e  e s t i m a t i o n  i s  magnif ied i f  t h e  numerical  computat ions  
a r e  performed on t h e  flow a r e a .  From t h e  p h y s i c a l  v iewpoint  it i s  more 
a p p r o p r i a t e  t o  c o n s i d e r  r o u t i n g  u n i t  volumes of wa te r  r a t h e r  t h a n  a r e a s  
of f low.  

From Equat ion 12-28 

n  B ~ ' f  = cr (Q.) 
J J 

Equat ions  12-79 through 12-82 a r e  s u b s t i t u t e d  i n t o  Equa t ion  12-77 
and r e a r r a n g e d  t o  y i e l d  

The r ight-hand 
i s  r e p r e s e n t e d  

t 
s i d e  of Equat ion 12-83 c o n s i s t s  of known q u a n t i t i e s  and 

by R ' i - e . ,  



L e t  r = Q  
A t  

and 0 = - s o  t h a t  t h e  l e f t - h a n d  s i d e  of Equa t ion  12-83 
j+l Ax 

can be  w r i t t e n  a s  

f  ( r )  = O(1-a)r + a ( 1 - b ) r  I3 (12-85) 

The s o l u t i o n  t o  Equat ion 12-83 i s  t h e  s o l u t i o n  r which s a t i s f i e s  
t h e  c o n d i t i o n  

Equat ion 12-86 i s  n o n l i n e a r  i n  r.;:. An approximate s o l u t i o n  t o  t h i s  
n o n l i n e a r  e q u a t i o n  i s  o b t a i n e d  by t h e  fo l lowing  i t e r a t i v e  t e c h n i q u e .  

t h  L e t  rk b e  t h e  v a l u e  o f  r a t  t h e  k- i t e r a t i o n .  T a y l o r ' s  
k .  

s e r i e s  expansion o f  f u n c t i o n  f ( r )  around r i s  

k  k k  f  ( r )  = f ( r  ) + ( r - r  ) f t  ( r  ) + 1/2(r- rk) ' f" ( rk)  

k  k  i n  which f '  ( r  ) , f "  ( r  ) , and £ ( r k )  a r e  t h e  f i r s t ,  second and t h i r d  
k d e r i v a t i v e s  of t h e  f u n c t i o n  a t  r . 

Dropping terms h i g h e r  t h a n  t h i r d  o r d e r ,  one o b t a i n s  

k  k k  k 2  k  f ( r )  f ( r  ) + ( r - r  ) f ( r  ) + l / 2 ( r - r  ) f " ( f  ) (12-88) 

I t e r a t i o n  f o r c e s  f ( r k t l )  t o  approach t h e  v a l u e  of Q 

k k+l  k .  k k+l k 2  0 = f ( r  ) + ( r  - r  ) f l ( r  ) + 1 / 2 ( r  - r  ) f t ' ( r k )  (12-89) 

The s o l u t i o n  o f  Equa t ion  12-89 i s  



i n  which 

There  a r e  two s o l u t i o n s  t o  Equa t ion  12-90. I t  i s  a d v i s a b l e  t o  
k+ 1 choose t h e  s o l u t i o n  which g i v e s  a  s m a l l e r  v a l u e  of  i f ( r  ) -  1. The 

k+ 1 i t e r a t i o n s  a r e  con t inued  u n t i l  t h e  a b s o l u t e  e r r o r  l f ( r  )-Q I i s  l e s s  
t h a n  some p r e a s s i g n e d  t o l e r a n c e  E 

An a p p r o p r i a t e  v a l u e  f o r  E i s  0 .010 .  

0 The i n i t i a l  guess  r i s  t h e  key t o  t h e  speed of  convergence t o  
0 

t h e  c o r r e c t  numerical  s o l u t i o n .  The b e s t  way t o  de te rmine  r  i s  t o  
use  a  l i n e a r  scheme. The l i n e a r  scheme may b e  used a s  t h e  s o l u t i o n  
i n s t e a d  of  going through t h e  i t e r a t i v e ,  n o n l i n e a r  scheme when accuracy  
i s  of l e s s  importance  and when computer t ime  has  t o  be  conse rved .  

aA i n  Equat ion 12-17 can be e x p r e s s e d  a s  L i n e a r  Scheme. The term 

and from Equa t ion  12-28 

S u b s t i t u t i o n  of Equa t ions  12-95 and 12-96 i n t o  12-17 y i e l d s  

The f i n i t e  d i f f e r e n c e  form of  Equa t ion  12-97 can be  ekpressed  as 



n+ 1 
S o l v i n g  f o r  r0 = Qj+l  

Equa t ion  12-99 p r o v i d e s  t h e  b e s t  e s t i m a t e  f o r  r0 f o r  t h e  n o n l i n e a r  
11 

scheme. However, Equat ion 12-99 i s  n o t  a p p l i c a b l e  i f  b o t h  Qjt l  and 
n+l a r e  z e r o .  , I n  t h i s  c a s e ,  use  p = 1 i n  Equat ion 12-86.  

Qj  

L i  e t  a l .  (1977b) proved t h a t  we igh t ing  f a c t o r s  a  and b  must be 
l e s s  t h a n  o r  e q u a l  t o  1 /2  i n  o r d e r  t o  i n s u r e  s t a b i l i t y .  When a and b 
a r e  b o t h  z e r o ,  t h i s  i s  a  f u l l y  i m p l i c i t  scheme, which was developed by 
L i  e t  a l .  (1975a).  When a  and b  a r e  e q u a l  t o  1 / 2 ,  it i s  a  c e n t r a l  
i m p l i c i t  scheme. The c e n t r a l  i m p l i c i t  forniulaLion has  been t e s t e d  us ing  
I w a g a k i ' s  exper imenta l  d a t a  ( Iwagaki ,  1955). F i g u r e  12-13 shows h igh  
c o r r e l a t i o n  between exper imenta l  and computed r e s u l t s  f o r  t h e  t h r e e  
e v e n t s  d u r i n g  d i f f e r e n t  t ime  d u r a t i o n s .  L i  e t  a l .  (1975a) s u c c e s s f u l l y  
a p p l i e d  t h e  f u l l y  i m p l i c i t  scheme t o  a v a r i e t y  of f low c o n d i t i o n s .  

'"I - F o u r - p o i o l  I r n p l ~ c i l  Model 

F i g u r e  12- 13 .  
Time,  s e c h d r  

Comparison of t h e  d i s c h a r g e  hydrographs g iven  by 
f o u r - p o i n t ,  c e n t r a l  i m p l i c i t  model t o  I w a g a k i ' s  
exper imenta l  d a t a .  

t h e  



Other  a v a i l a b l e  numerical  methods f o r  k inemat ic  wave approximat ion 
a r e  g iven  by Houghton and Kasahara (1968) ,  Brakensiek (1967) ,  K i b l e r  and 
Woolhiser (1970),  and Singh (1975).  However, t h e s e  methods a r e  much 
more complicated and sometimes u n s t a b l e  i n  s o l u t i o n .  

12.6  EXAMPLE OF APPLICATION 

S i m p l i f i e d  Models 

An example of t h e  a p p l i c a t i o n  of t h e  s i n g l e  open-book model 
approach i s  provided by an  e v e n t  on Watershed 17 l o c a t e d  i n  t h e  Coconino 
Nat iona l  F o r e s t  n e a r  F l a g s t a f f ,  Arizona.  Th is  watershed has  an  a r e a  o f  
approximately  300 a c r e s .  Th i s  watershed i s  a n  a r e a  of heterogeneous  
topography p a r t i a l l y  f o r e s t e d  i n  c o n i f e r s .  The modeled e v e n t  was re- 
corded on September 5 ,  1970. F igure  12-14 shows measured and c a l c u l a t e d  
r u n o f f .  The agreement between measured and c a l c u l a t e d  runof f  a p p e a r s  t o  
be q u i t e  good. Some rudimentary  c a l i b r a t i o n  o f  K was performed t o  
make t h e  runoff  volume a g r e e  wi th  t h e  measured volume, b u t  F i g u r e  12-14 
r e p r e s e n t s  a s u b s t a n t i a l l y  u n c a l i b r a t e d  r e s u l t .  R e s i s t a n c e  f o r  t h e  main 
channel was guessed t o  correspond t o  a Manning's n of abou t  0.07 a s  
r e p o r t e d  by Chow (1959) f o r  a cobble  and bou lder  channe l .  The Manning's 
11 was t h e n  conver ted t o  t h e  Darcy-Weisbach f r i c t i o n  f a c t o r .  

A s  an example of a p p l i c a t i o n  of t h e  PlULTWAT method t o  a l a r g e  
heterogeneous  wate r shed ,  t h e  model was used t o  s i m u l a t e  runof f  from t h e  
Walnut Gulch watershed i n  s o u t h e a s t e r n  Arizona.  The s p a t i a l  r e p r e s e n t a -  
t i o n  of t h e  watershed appears  i n  F igure  12-6 and t h e  watershed map i n  
F igure  12-5. Walnut Gulch i s  opera ted  by t h e  A g r i c u l t u r a l  Research 
S e r v i c e  and surrounds t h e  h i s t o r i c  town of Tombstone, Arizona.  The 
s t u d y  a r e a  c o n s i s t s  o f  57.7  s q u a r e  m i l e s  of u n c u l t i v a t e d  s e m i a r i d  range- 
l a n d .  P r e c i p i t a t i o n  i s  measured w i t h  93  r e c o r d i n g  r a i n  gages  spaced 
f a i r l y  even ly  over  t h e  watershed.  Runoff from t h e  e n t i r e  wa te r shed  and 
from n i n e  subwatersheds  i s  c a l c u l a t e d  from s t a g e  r e c o r d s  c o l l e c t e d  a t  
s p e c i a l  f low measuring f lumes.  

The v e g e t a t i o n  of Walnut Gulch c o n s i s t s  of d e s e r t  g r a s s e s  and 
s h r u b s ,  and most o f  t h e  s o i l s  a r e  g r a v e l l y  loam. Seventy  p e r c e n t  of 
t h e  annual  p r e c i p i t a t i o n  of 1 1 . 5  i n c h e s  occurs  d u r i n g  h i g h - i n t e n s i t y ,  
s h o r t - d u r a t i o n  thunders torms i n  t h e  l a t e  summer months. 

The e n t i r e  Walnut Gulch watershed (57.7  s q u a r e  m i l e s )  was modeled 
f o r  two d i f f e r e n t  s torm e v e n t s .  The d r a i n a g e  a r e a s  (approximately  5 . 5  
square  m i l e s )  f o r  s e v e r a l  s t o c k  ponds were n o t  i n c l u d e d  i n  the a n a l y s i s  
s i n c e  s p i l l a g e  was assumed t o  be n e g l i g i b l e .  The r a i n f a l l  d i s t r i b u t i o n s  
f o r  t h e  response u n i t s  were c a l c u l a t e d  by u s i n g  an  i sohye ta l .  map and 
i n d i v i d u a l  gage r e c o r d s .  Uni ted S t a t e s  Geolog ica l  Survey t o p o g r a p h i c a l  
maps were used t o  determine t h e  s l o p e s  and l e n g t h s  of t h e  u n i t s  r e p r e -  
s e n t i n g  Walnut Gulch. The channel  geometry pa ramete rs  were o b t a i n e d  
from a l i m i t e d  number of c r o s s - s e c t i o n a l  p r o f i l e s .  The comparison o f  
t h e  p r e d i c t e d  and recorded hydrographs i s  shown i n  F i g u r e  12-15. The 
agreement between p r e d i c t e d  and recorded runof f  i s  good c o n s i d e r i n g  t h e  
complexi ty  a n d  s i z e  of t h e  wa te r shed .  



t S! = 0.8 
1.4 - -0- Measured Response 

-4- Ca!cula ted R ~ S D C ~ S ~  ::I 
1 2 . 2 .  - 
-2.0 5 

C .- 
-1.8 - 

h - . - - 1.6 $ - 
C - 1.4 P 
- 
0 - - 1.2 .4 
0 
K - 1.0 

- 0.8 

- 0.6 

- 0.4 

J0.2 

0.0 
0 100 200 300 400 5CO 600 70 0 800  900 1000 l I00 

T ~ m e  from Beginning of Ra in fa l l  in minutes 

Figure 12-14. Rainfall-runoff response for Watershed 17, Coconino National Forest. 



------- Recorded 
Predicted 

T i n e  ( m inu tes )  

a .  Runoff hydrograph f o r  t h e  s t o r m  of  September 4 ,  1965, f o r  t h e  
e n t i r e  Walnut Gulch wa te r shed .  

------- Recorded 
P r e d ~ c t e d  ' 

Time ( m inu tes )  

b. Runoff hydrograph f o r  t h e  s to rm of September 9 ,  1964,  f o r  the 
e n t i r e  Walnut Gu lch  wa te r shed .  

F i g u r e  12-15. Runoff 'hydrographs  f o r  t h e  e n t i r e  Walnut Gulch wa te r shed .  



Hieh R e s o l u t i o n  Models 

Water Rout ing Component. The h i g h .  r e s o l u t i o n  i s  c h i e f l y  
c h a r a c t e r i z e d  by t h e  wa te r  r o u t i n g  component. Two examples of a p p l i c a -  
t i o n s  o f  t h i s  component a r e  p r e s e n t e d .  

N a t u r a l  Channel.  A f l o o d  hydrograph i n  t h e  Rio Amana i n  Venezuela 
was used t o  t e s t  t h e  a p p l i c a b i l i t y  of t h e  numerical  method of f l o o d  - - 
r o u t i n g  i n  a n a t u r a l  channel .  ~ o t h  in f low and ou t f low hydrographs  were 
measured i n  1969 i n  t h e  reach  of r i v e r  between E l  T e j e r o  and t h e  c r o s s -  
i n g  of t h e  Naturin-Tembledor Road ( s e e  Simons e t  a l . ,  1971a).  A s  
d e s c r i b e d  by Simons e t  a l .  (1971b),  t h e  r e a c h  i s  47 .1  miles l o n g  and has  
a n  average  s l o p e  of 0.00146. The b a n k - f u l l  t o p  wid th  a t  t h e  downstream 
s t a t i o n  i s  approximately  70 f e e t .  The measured a and $ v a l u e s  i n  t h e  
A v e r s u s  Q r e l a t i o n  a r e  a v a i l a b l e  a t  t h e  downstream s t a t i o n .  The 
v a l u e s  a r e  a = 1.1 and $ = 0 . 9 .  For  t h i s  r e a c h  i t  was assumed t h a t  $ 
remains a c o n s t a n t  and oc changes l i n e a r l y  w i t h  d i s t a n c e .  The e s t i -  
mated v a l u e  o f  a a t  t h e  upstream s t a t i o n  i s  2 . 5 ,  and t h e  l a t e r a l  ou t -  

3 f low r a t e  was approximately  0 .26  f t  / s / m i .  The e s t i m a t e d  upst ream 
v a l u e  i s  much l a r g e r  t h a n  t h e  downstream v a l u e  because  of l a r g e r  flow 
r c s i - s t a n c e  and l a r g e r  we t ted  p e r i m e t e r s  f o r  t h e  same f low a r e a  i n  t h e  
upstream r e a c h .  

I n  F i g u r e  12-16 t h e  numerical  s o l u t i o n s  (At = 2h and A t l h  = 
0 .58  s / f t )  a g r e e  w i t h  t h e  measured r e s u l t s .  The proposed numerical  
method i s  a p p l i c a b l e  i n  n a t u r a l  channe l s  w i t h  s t e e p  g r a d i e n t s  and slow- 
r i s i n g  hydrographs because  t h e  k inemat ic  wave approximat ion i s  a p p l i -  
c a b l e  f o r  such  channe l s .  
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F i g u r e  12-16. Flood r o u t i n g  i n  t h e  Rio Amana i n  Venezuela.  

Confined Catchment. The numerical  model p r e s e n t e d  h e r e i n  i s  v a l i d  
f o r  channel  f lows a s  w e l l  a s  over land  f lows .  A catchment system i s  
formulated by r o u t i n g  t h e  over land  f lows t o  channe l s  and t h e n  r o u t i n g  
t h e  f lows th rough  t h e  channe l s .  The numerical  s o l u t i o n s  f o r  hydrographs  
from s m a l l  catchments a g r e e  v e r y  w e l l  w i t h  t h e  measured r u n o f f .  A 



comparison of computed and measured hydrographs a t  t h e  o u t l e t  o f  SPLl 
pa rk ing  l o t  a t  Johns Hopkins U n i v e r s i t y  i s  shown i n  F i g u r e  12-17. The 
s torm used i n  t h i s  a n a l y s i s  i s  13SPL1, which was r e p o r t e d  by Schaake 
(1965) .  The a r e a  of t h e  pa rk ing  l o t  was 0 .39 a c r e .  The catchment a r e a  
c o n s i s t e d  O F  t h e  over land  flow a r e a  and V-shaped channe l s .  The l e n g t h s  
of over land flow p a t h s  v a r i e d  from 20 t o  36 f e e t  and t h e  over land  s l o p e s  
v a r i e d  from 0.01.67 t o  0 .019.  The s i d e  s l o p e s  o f  V-shaped channe l s  were 
1:113. The l e n g t h s  o f  t h e s e  channels  v a r i e d  from 50 t o  165 f e e t ,  and 
t h e  channel s l o p e s  ranged from 0.0148 t o  0.0213. I n  t h e  numerical  
computations,  A t  = 1 min and 

n R o i n f o l l  Input a - - - - -  Meosured Runolf 
-Simulated Runoff 

Time. M i n u t e s  

F i g u r e  12-17. Runoff from SPLl pa rk ing  a r e a ,  Johns  Hopkins U n i v e r s i t y .  

The agreement between computed and observed hydrographs shown i n  
F i g u r e  12-17 i n d i c a t e s  t h e  u s e f u l l n e s s  of t h e  proposed numerical. model 
f o r  time v a r i e n t  in f lows  and watershed modeling.  

Simons e t  a l .  (1975) t e s t e d  t h e  a p p l i c a b i l i t y  of t h e i r  model on t h e  
Reaver Creek 'watershed i n  Arizona.  F ive  runof f  e v e n t s  i n  Watershed 1 
and one runof f  e v e n t  i n  Watershed 17 were used.  

Watershed 1 i s  a smal l  d ra inage  catchment w i t h  a n  a r e a  o f  313.6  
a c r e s  which has  been c l e a r  c u t .  The f i v e  s torm e v e n t s  used i n  t h i s  
s t u d y  f o r  Watershed 1 occur red  on November 22, 1965, November 24,  1965, 
November 25, 1965, September 6 ,  1967, and September 5 ,  1970. The l a t t e r  
i s  known a s  t h e  "Labor Day" s to rm.  Th is  same s torm i s  p r e s e n t e d  i n  
F i g u r e  72-14. 

An example of t h e  comparison between s imula ted  and measured wate r  
hydrographs i s  shown i n  F i g u r e  12-18. The agreement between t h e  
measured and t h e  s imula ted  wate r  hydrographs i s ,  f o r  t h e  most p a r t ,  
s a t i s f a c t o r y .  Because t h e r e  i s  no measured sediment  hydrograph,  no 
comparison can be made. Other  comparisons on wate r  y i e l d ,  peak w a t e r  
f low,  t ime  t o  peak wate r  f low,  and sediment y i e l d  a r e  g i v e n  r e s p e c t i v e l y  
i n  F i g u r e s  12-19, 12-20 and 12-21. These f i g u r e s  show t h a t  t h e  w a t e r  
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F i g u r e  12-18. Water hydrograph from Watershed 17 f o r  t h e  
September 5 ,  1970 s torm ( a f t e r  Simons e t  a l . ,  
1975) .  

r o u t i n g  model s imula ted  t h e  shape ,  volume, peak f low,  and t ime  t o  peak 
flow of  t h e  s i x  wa te r  hydrograph from Watershed 1 and Watershed 17 
w i t h i n  approximately  30 p e r c e n t .  S a t i s f a c t o r y  r e s u l t s  were o b t a i n e d  f o r  
d i f f e r e n t  s i z e  s torms and i n  d i f f e r e n t  watersheds  by u s i n g  o n l y  one s e t  
o f  model pa ramete rs .  Th i s  v e r i f i e s  t h a t  t h e  model could  be  used t o  
s y n t h e s i z e  miss ing  d a t a  and t o  p r e d i c t  t h e  response  of wa te r sheds  t o  
v a r i o u s  t y p e s  o f  watershed management p r a c t i c e s .  Al.so, it has  been 
demonstra ted t h a t  t h e  model could be used t o  e s t i m a t e  f l o o d  f lows from 
ungaged wate r sheds .  

The t r a n s f e r a b i l i t y  o f  t h e  model i s  one of t h e  main advantages  of 
t h i s  p h y s i c a l  p r o c e s s  s i m u l a t i o n  model over  conven t iona l  methods such a s  
t h e  Uni t  Hydrograph and. Universa l  S o i l  Loss e q u a t i o n .  For  example, t h e  
Labor Day (September 5 ,  1970) storm produced approximately  2 . 2  t imes  t h e  
s u r f a c e  runoff  i n  Watershed 17 a s  i n  Watershed 1 .  
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Measured surface r u n o f f ,  i n .  

F i g u r e  12-19. Comparison of measured and s imula ted  w a t e r  y i e l d  
( a f t e r  Simons e t  a l . ,  1975) .  

An impor tan t  a s p e c t  i n  watershed management i s  t o  p r e d i c t  watershed 
t r e a t m e n t  e f f e c t s .  T h e . v e g e t a t i o n  t r e a t m e n t  e f f e c t s  on w a t e r  y i e l d  a r e  
e s t i m a t e d  by changing t h e  canopy cover  d e n s i t y  and t h e  ground cover  
d e n s i t y  i n  over land  f low u n i t s .  Based on t h e  s torms of September 5 ,  
1970 and September 6 ,  1967, t h e  e f f e c t s  of v e g e t a t i o n  t r e a t m e n t  on t h e  
wa te r  y i e l d  from Watershed 1 have been e v a l u a t e d .  As shown i n  F i g u r e s  
12-22 and 12-23, f o r  a  c o n s t a n t  and und is tu rbed  ground cover  of 65 
p e r c e n t ,  w a t e r  y i e l d  and t h e  peak flow r a t e s  from t h e s e  two s torms a r e  
i n c r e a s e d  a s  t h e  canopy cover d e n s i t y  i s  decreased .  

The r e d u c t i o n  i n  i n t e r c e p t i o n  caused by removing t h e  v e g e t a t i o n  
r e s u l t s  i n  t h e  i n c r e a s e  of excess  r a i n f a l l . '  These e f f e c t s  a r e  much more 
pronounced i n  Watershed 1 f o r  t h e  s m a l l e r  s i z e  o f  storm t h a n  f o r  l a r g e  
storms l i k e  t h e  Labor Day s torm.  The t ime  t o  peak f low i s  shor tened  a s  
t h e  canopy cover  i s  decreased  f o r  t h e  smal l  s to rm,  b u t  t h e r e  i s  no 
change i n  t ime t o  peak flow f o r  t h e  l a r g e  s torm.  

I f  a  watershed i s  c l e a r - c u t  and t h e  f o r e s t  l i t t e r ,  t r e e  mulch, 
r o c k s ,  e t c .  a r e  a l s o  removed i n  d i f f e r e n t  d e g r e e s ,  o r  i f  t h e  ground 
cover  i s  s e r i o u s l y  des t royed  by a burn ing  t r e a t m e n t ,  t h e  a s s o c i a t e d  
response can be  e s t i m a t e d  by changing t h e  ground cover  d e n s i t y  i n  over-  
l and  f low u n i t s .  The changes i n  wa te r  y i e l d  i n  Watershed 1 f o r  t h e  
s torms o f  September 5 ,  1970 and September 6 ,  1967, a r e  shown i n  F i g u r e  
12-23. A s  t h e  ground cover  i s  d e c r e a s e d ,  t h e  t o t a l  s u r f a c e  runof f  and 
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F i g u r e  12-20. Comparison o f  measured and s i m u l a t e d  peak w a t e r  f lows  
( a f t e r  Simons e t  a l .  , 1975). 
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F i g u r e  12-21.  Comparison o f  measured and s i m u l a t e d  t ime  t o  peak wa te r  
f low ( a f t e r  Simons e t  a l .  , 1.975) .  
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Canopy cover  d e n s l l y  

F i g u r e  12-22. E f f e c t  of canopy cover  d e n s i t y  on t h e  wa te r  hydrograph 
from Watershed 1 ( a f t e r  Simons e t  a l . ,  1975) .  

peak w a t e r  f low a r e  i n c r e a s e d  moderate ly  and t h e  time t o  peak flow 
shor tened  s l i g h t l y .  The e f f e c t  on wate r  y i e l d  i s  more pronounced f o r  a  
s m a l l e r  s to rm.  

12.7  PEAK FLOOD PREDICTION FOR AN ARID WATERSHED 

General  

I n  t h e  a r i d  and semiar id  wes t ,  normally low f lowing  o r  ephemeral  
s t reams  can become r a g i n g  t o r r e n t s  when swol len by , runof f  from i n t e n s e  
thunders torms.  Because o f  t h e  i n t e r m i t t e n c y  and random n a t u r e  of such 
e v e n t s ,  t h e y  cannot  be  analyzed u s i n g  conven t iona l  f l o o d  f requency  
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Ground  c o v e r  d e n s i t y  

F i g u r e  12-23. E f f e c t  o f  ground cover  d e n s i t y  on t h e  w a t e r  hydrograph 
from Watershed 1 ( a f t e r  Simons e t  a l . ,  1975).  

a n a l y s e s  a s  a p p l i e d  t o  l a r g e r  s t reams  o r  r i v e r s .  I n s t e a d  t h e  concep t  of 
p robab le  maximum f l o o d  (PMF) i s  a p p l i e d  t o  e s t i m a t e  t h e  a b s o l u t e  l a r g e s t  
e v e n t  t h a t  could  occur  based on p r e s e n t  knowledge. Such a r u n o f f  does 
n o t  c o i n c i d e  w i t h  what i s  termed t h e  100-year f l o o d .  I t  i s  u s u a l l y  many 
t imes  l a r g e r .  The PMF can be e s t i m a t e d  u t i l i z i n g  s e v e r a l  d i f f e r e n t  
t e c h n i q u e s  i n c l u d i n g  a n a l y s i s  of t h e  l a r g e s t  f l o o d s  recorded .  Here 
a g a i n  such  an  approach i s  d a t a  dependent and may n o t  comple te ly  
r e p r e s e n t  t h e  long- term system response .  Another approach i s  t o  u s e  t h e  
p r o b a b l e  maximum p r e c i p i t a t i o n  (PMP) t o  g e n e r a t e  a PMF. T h i s  g e n e r a t i o n  
can b e  from observed hydrograph s i m i l a r i t i e s ,  such a s  a  u n i t  hydrograph,  
o r  th rough  use  o f  a r a i n f a l l - r u n o f f  s i m u l a t i o n  model. The s i m u l a t i o n  
model is p r e f e r r e d  i f  it i s  based on p h y s i c a l  p r i n c i p l e s .  I n  t h i s  



example, t h e  m u l t i p l e  watershed model (MULTWAT) developed by Simons, L i  
and Spronk (1978) was used t o  determine t h e  v a l i d i t y  of a PMF hydrograph 
computed us ing  o t h e r  t e c h n i q u e s .  The pr imary purpose  was f o r  d e s i g n  of 
a d i v e r s i o n .  S e l e c t i o n  of a r e a l i s t i c  PMF hydrograph i s  necessa ry  i n  
o r d e r  t o  avoid  h igh  c o s t s  b u t  p rov ide  t h e  necessa ry  s a f e t y  i n  d e s i g n .  
Hare d e t a i l s  o f  t h i s  a p p l i c a t i o n  a r e  cons idered  i n  t h e  fo l lowing  
segments.  

Model A p p l i c a t i o n  

On - s i t e  i n s p e c t i o n  of t h e  watershed suggested t h a t  t h e  PEF a s  
c a l c u l a t e d  u s i n g  an i n i t i a l  approach based on t h e  average  b a s i n  charac-  
t e r i s t i c s  (U.S.  Bureau of Reclamat ion,  1974) may be t o o  l a r g e .  The 
reasons  f o r  t h i s  were: 

1. The upper h a l f  of t h e  watershed i s  q u i t e  s t a b l e .  I t  i s  
armored w i t h  smal l  rock and pebbles  and shows no tendency t o  
develop r i l l s  of  g u l l i e s .  Also ,  t h i s  p a r t  of t h e  watershed i s  
q u i t e  w e l l  p r o t e c t e d  w i t h  t r e e s ,  s h r u b s ,  and i n  p a r t i c u l a r ,  a  good 
growth of g r a s s .  

2 .  Topography of  t h e  watershed can be  approximated by a 
s e r i e s  of t h r e e  cascade sub-bas ins .  The upper p a r t  of t h e  b a s i n  i s  
r e l a t i v e l y  f l a t  w i t h  a ground cover  d e n s i t y  of approx imate ly  70 
p e r c e n t  and a canopy cover d e n s i t y  of 15 p e r c e n t .  The middle 
sub-basin  i s  v e r y  s t e e p  w i t h  50 p e r c e n t  canopy cover  d e n s i t y  and 70 
p e r c e n t  ground cover  d e n s i t y  and t h e  lower sub-bas in  i s  r e l a t i v e l y  
f l a t  wi th  a canopy cover  d e n s i t y  of 15 p e r c e n t  and a low ground 
cover  d e n s i t y  of approximately  40 p e r c e n t .  The shape and c h a r a c t e r -  
i s t i c s  of t h e  watershed i n d i c a t e  t h a t  t h e  PIG' hydrograph determined 
by t h e  method g iven  i n  "Design of Small  Dams" i s  a p t  t o  be  q u i t e  
d i f f e r e n t  from t h e  one t h a t  c o n s i d e r s  t h e  shape of t h e  watershed 
and p h y s i c a l  p r o c e s s e s .  I t  i s  a n t i c i p a t e d  t h a t  t h e  peak f low w i l l  
be  s m a l l e r  t h a n  t h e  31,800 c f s  computed f o r  t h e  d r a i n a g e  a r e a .  

3 .  Observa t ion  of t h e  dimcnsions of e x i s t i n g  channe l s  
s u g g e s t s  . t h a t  f lows from t h e  watersheds  a r e  n o t  l a r g e .  Observing 
t h e  geometry 01 t h e  channels  a t  bends ,  it i s  p o s s i b l e  t o  determine 
where maximum flow dep ths  have undercu t  t h e  v e r t i c a l  embankments a t  
a h e i g h t  on t h e  o r d e r  of a few f e e t  above t h e  e x i s t i n g  channel  
bank. Recent h i s t o r i c  f lows have probably  n o t  exceeded 4,000 c f s  
on t h e  watershed.  The maximum recorded f l o o d  of a nearby watershed 
(approximately  1 ,000 square  m i l e s )  was 32,000 c f s .  

Floods  n e a r  t h e  s i t e  a r e  a lmost  always t h e  r e s u l t  of r a i n s t o r m  
r a t h e r  t h a n  snowmelt. The p r e d i c t i o n  of f l o o d  hydrographs i n v o l v e s  t h e  
c o n s i d e r a t i o n  of such f a c t o r s  a s :  1 )  amount, i n t e n s i t y ,  d u r a t i o n  and 
temporal  d i s t r i b u t i o n  of r a i n f a l l ,  2)  s i z e ,  s l o p e ,  and shape  o f  t h e  
watershed,  3 )  s o i l  c o n d i t i o n s  and v e g e t a t i o n ,  4)  channel  s i z e  and shape ,  
and 5) r e s i s t a n c e  t o  f low i n  watersheds  and channe l s .  The f l o o d  e s t i -  
mate i n  t h i s  example inc luded  t h e  t h e o r e t i c a l  d e t e r m i n a t i o n  of peak 
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f low,  volume of f low,  and t h e  hydrograph a t  t h e  s i t e  r e s u l t i n g  from t h e  



probab le  maximum p r e c i p i t a t i o n  (PMP). The PMF t h a t  r e s u l t s  from 
a p p l y i n g  t h e  PMP t o  t h e  watershed was e s t i m a t e d  by assuming a f l o o d  
e q u i v a l e n t  t o  abou t  40 p e r c e n t  of t h e  PMF and t h e  a n t e c e d e n t  r a i n f a l l s  
t h r e e  t o  f i v e  days p r i o r  t o  t h e  occur rence  of t h e  main f l o o d .  Th is  
r e q u i r e d  an  assumption t h a t  t h e  a n t e c e d e n t  m o i s t u r e  c o n d i t i o n  i s  
approximately  e q u a l  t o  t h e  f i e l d  c a p a c i t y  t h a t  d e s c r i b e s  t h e  m o i s t u r e  
c o n d i t i o n  a t  which s u r f a c e  d r a i n a g e  i s  completed.  

The PMP a r e a  r a i n f a l l  c o r r e c t i o n  and d i r e c t  runof f  were determined 
by methods c u r r e n t l y  employed by t h e  U.S. Bureau o f  Reclamat ion (1974) .  
Due t o  t h e  d i s t i n c t  changes i n  s l o p e  from sub-bas in  t o  sub-bas in ,  and 
because  o f  t h e  l o n g ,  narrow-shaped wate r shed ,  t h e  s i m p l i f i e d  p rocedure  
f o r  o b t a i n i n g  t h e  hydrograph developed by t h e  S o i l  Conserva t ion  S e r v i c e  
(U.S. Bureau of Reclamat ion,  1974) does n o t  r e s u l t  i n  a n  a c c e p t a b l e  
hydrograph.  A method t h a t  i s  based upon t h e  governing p h y s i c a l  p ro-  
c e s s e s  was a p p l i e d  t o  o b t a i n  a more r e a l i s t i c  answer.  

Watershed Sed imenta t ion  

The d r a i n a g e  b a s i n  of t h e  watershed has  an a r e a  of abou t  1 1 . 2  
square  m i l e s .  Approximately 0 . 6  s q u a r e  m i l e  i n  t h e  upper p o r t i o n  d r a i n s  
t o  a c l o s e d  b a s i n  and does n o t  c o n t r i b u t e  r u n o f f .  I t  i s  assumed t h a t  
t h e  d i s c h a r g e  from t h i s  b a s i n  would n o t  c o n t r i b u t e  runof f  t o  t h e  p r o j e c t  
s i t e  even d u r i n g  t h e  PMF. The h i g h e s t  e l e v a t i o n  on t h e  watershed 
approximates  8 ,700  f e e t  w i t h  t h e  lowes t  e l e v a t i o n  n e a r  t h e  proposed 
d i v e r s i o n  dam approximat ing 6,500 f e e t .  T y p i c a l  average  d r a i n a g e  b a s i n  
s l o p e  f o r  t h e  watershed i s  approx imate ly  5 p e r c e n t .  However, due t o  t h e  
d i s t i n c t  changes i n  s l o p e  from sub-basin  t o  sub-bas in ,  t h e  average  b a s i n  
s l o p e  cannot  r e p r e s e n t  t h e  topograph ic  f e a t u r e s  of t h e  wa te r shed  ade- 
q u a t e l y .  There  i s  a n e c e s s i t y  t o  d i v i d e  t h e  watershed i n t o  s u b - u n i t s .  
The watershed was d i v i d e d  i n t o  t h r e e  subwatersheds ,  e i g h t  p l a n e  u n i t s ,  
and s i x  channel  u n i t s  (F igure  12-24).  Each g e o m e t r i c a l  component of t h e  
subwatershed can  be  r e p r e s e n t e d  a s  an  "open book" wate r shed .  For  sub- 
wa te r sheds  and p l a n e s ,  a n a l y t i c a l  i n f i l t r a t i o n  and w a t e r  r o u t i n g  methods 
were u t i l i z e d  t o  o b t a i n  hydrographs .  Hydrographs s i m u l a t e d  on e a c h  of 
t h e s e  u n i t s  a r e  combined by a numerical  k inemat ic  wave channe l  r o u t i n g  
t echn ique  t o  form t h e  t o t a l  hydrograph f o r  t h e  wa te r shed .  The l e n g t h ,  
wid th  and s l o p e s  of t h e  segmented u n i t s  a r e  g iven  i n  T a b l e  12-2.  

Probable  Maximum P r e c i ~ i t a t i o n  

Fol lowing t h e  U .  S .  ,Bureau of Reclamation (1914)  methodology f o r  
de te rmin ing  t h e  PMP (page 5 3 ) ,  t h e  p o i n t  r a i n f a l l  o f  one-hour PflP was 
determined t o  b e  1 1 . 0  i n c h e s .  The r a t i o  o f  a r e a  r a i n f a l l  t o  p o i n t  
r a i n f a l l  was e s t i m a t e d  t o  be  0 .8  (page 54) .  Thus,  t h e  a r e a  r a i n f a l l  of  
t h e  one-hour PMP i s  8 . 8  i n c h e s .  The one-hour thunders to rm PMF was 
s e l e c t e d  o v e r  t h e  6-hour g e n e r a l  s torm because  t h e  one-hour thunders torm 
would produce a h igh  d e s i g n  peak f low.  

The temporal  d i s t r i b u t i o n  of t h e  one-hour thunders torm was based on 
t h e  p rocedure  sugges ted  i n  t h e  "Design of Small  Dams" (page 5 4 3 ) .  The 
15-minute i n t e n s i t i e s  f o r  t h e  one-hour PMP a r e  g iven  i n  Tab le  12-3. 
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F i g u r e  12-24. Watershed segmentat ion of t h e  a p p l i c a t i o n  a r e a .  

D i r e c t  Runoff 

Peak r a t e s  of runof f  a r e  e s t i m a t e d  t o  range from approx imate ly  50 
cub ic  f e e t  p e r  second (CF p e r  s q u a r e  m i l e  f o r  t h e  mean annual  f l o o d )  t o  
500 c f s  p e r  square  mi le  f o r  t h e  50-year f l o o d .  The s o i l s  a t  t h e  p r o j e c t  
s i t e  f a l l  i n t o  S o i l  Conservat ion S e r v i c e  Hydrologic  Groupings B and C .  
Th i s  hydro log ic  s o i l  grouping i s  a  f o u r  s t e p  r a t i n g  i n d i c a t i n g  how much 
of  a g iven  r a i n f a l l  w i l l  e n t e r  t h e  s o i l  p r o f i l e  and n o t  run  o f f .    he 
h y d r o l o g i c  cover  complex ( v e g e ~ a t i v e  cover )  f a l l s  i n t o  t h e  j u n i p e r - g r a s s  



Table  12-2.  Geometry of t h e  s t u d i e d  wate r shed .  

Uni t  
Length 
( f t . 1  

Width 
( f t -  Slope 

WS- 1L 
WS- 1R 
WS-1CH 
WS - 2L 
WS - 2R 
WS-2CH 
WS-3L 
WS-3R 
WS-3CH 
PL- 1 
PL-2 
CEI- 1 
PL- 3 
PL-4 
CII-2 
CH-3 
PL-5 
PL-6 
CH-4 
CH-5 
PL-7 
PL-8 
CH-6 

Tab le  12-3. 15-minute r a i n f a l l  i n t e n s i t i e s  f o r  one-hour p r o b a b l e  
maximu~n a r e a  r a i  nf a l l .  

Time 
Minutes 

I n t e n s i t i e s  
i n /  h r  

c a t e g o r y .  The v e g e t a t i v e  cover  i s  mixed c o n s i s t i n g  o f  v a r y i n g  amounts 
of j u n i p e r ,  p i n o n ,  g r a s s  and c h o l l a  c o y e r ,  o r  may be predominant ly  one 
of t h e s e  t y p e s .  Grass  cover  a t  t h e  p r o j e c t  s i t e  i s  g e n e r a l l y  h e a v i e r  
t h a n  t h a t  af  d e s e r t  g r a s s e s  due t o  h i g h e r  annua l  p r e c i p i t a t i o n .  
J u n i p e r - g r a s s  i s  t y p i c a l  of mountain sl.opes and mesas of , i n t e r m e d i a t e  
e l e v a t i o n s .  Based on t h e  above hydro log ic  s o i l  cover  complexes,  t h e  
a s s o c i a t e d  runof f  curve  numbers s e l e c t e d  f o r  use  i n  t h e  f l o o d  hydrograph 
computat ions  approximated 85 f o r  t h e  one-hour,  p robab le  maximum pre -  
c i p i t a t i o n  o c c u r r e n c e .  With t h i s  runof f  curve  number and t h e  t o t a l  
r a i n f a l l  of 8.8 i n c h e s ,  t h e  d i r e c t  runoff  volume of  t h e  PHF i s  7 . 0  



i n c h e s  (page 541 of "Design of Small  Dams," 1974).  Using t h e  f o l l o w i n g  
s o i l  pa ramete rs  i n  t h e  m u l t i p l e  watershed model: h y d r a u l i c  c o n d u c t i v i -  
t i e s  i n  t h e  we t ted  zone 1 . 0  i n / h r  f o r  upper and middle s u b d r a i n a g e s ,  0 . 5  
i n / h r  f o r  t h e  lowes t  subdra inage ,  p o r o s i t y  0 . 4 ,  i n i t i a l  degree  o f  s a t u -  
r a t i o n  0 . 6 5 ,  f i n a l  degree  of s a t u r a t i o n  1 . 0 ,  average s u c t i o n  head 2 
i n c h e s ,  t h e  e s t i m a t e d  t o t a l  wa te r  volume f o r  t h e  P1E over  t h e  d u r a t i o n  
of 6 hours  i s  6 . 9 6  i n c h e s .  T h i s  v a l u e  i s  v e r y  c l o s e  t o  t h a t  determined 
by t h e  runoff  curve  number. 

Channel C h a r a c t e r i s t i c s  

The channel  c r o s s - s e c t i o n a l  d a t a  was u t i l i z e d  t o  de te rmine  t h e  
r e l a t i o n s h i p  between wet ted  p e r i m e t e r  and flow a r e a .  The channel  r e s i s -  
t a n c e  f a c t o r s  were e s t i m a t e d  u t i l i z i n g  t h e  i n f o r m a t i o n  p rov ided  by Chow 
(1959) and Simons and Senti irk (1977) .  The e s t i m a t e d  v a l u e s  of Manning's 
roughness c o e f f i c i e n t  n  a r e  0.025 f o r  t h e  channel  i n  t h e  lowest  
sub-bas in  and 0 . 0 7  f o r  t h e  channels  i n  t h e  middle and upper  s u b - b a s i n s .  
There a r e  t r e e s ,  g r a s s ,  cobb les  and d e b r i s  i n  t h e  channel bottoms and 
banks of t h e  middle and upper sub-bas ins .  

Probable  Maximum Flood H v d r o e r a ~ h s  

The computed PMF hydrograph based on t h e  m u l t i p l e  watershed model 
i s  g iven  i n  F i g u r e  12-25. The peak flow of t h e  PPE i s  22,700 c f s  and 
t h e  d u r a t i o n  of t h e  f l o o d  i s  6  hours .  The shape of t h e  determined 
hydrograph r e f l e c t s  t h e  topograph ic  f e a t u r e s  of t h e  b a s i n .  The m u l t i p l e  
peaks a r e  v e r y  reasonab le  c o n s i d e r i n g  t h e  s e r i e s  o f  t h r e e  sub-bas ins .  
For  qu ick  comparison,  t h e  100-year and p robab le  maximum f l o o d s  p re -  
v i o u s l y  determined by t h e  S o i l  Conservat ion S e r v i c e  method a r e  g iven  i n  
F igure  12-26. The p rev ious  hydrographs a r e  synlmetrical  i n  shape and 
f a i r l y  s h o r t  i n  d u r a t i o n  v e r y  d i f f e r e n t  t h a n  t h o s e  p r e s e n t e d  i n  F i g u r e  
12-27. 

Th is  PMF was determined by a  p h y s i c a l  p r o c e s s  s i m u l a t i o n  model t h a t  
r o u t e s  wa te r  from subwatersheds and p l a n e s  t o  channe l  networks .  The 
r a i n f a l l  i n p u t  t o  t h e  model was t h e  one-hour PNP. The t o t a l  PIG' runof f  
volume was e q u a l  t o  7 . 0  i n c h e s  of runof f  from t h e  wate r shed .  The 
s imula ted  peak f low (PMF) i s  22,700 c f s  and t h e  d u r a t i o n  i s  about  6  
h o u r s .  The shape of t h i s  second hydrograph i s  very  r e a s o n a b l e ,  and i s  
based on t h e  a n a l y s i s  o f  t h r e e  sub-bas ins .  Th i s  29 p e r c e n t  r e d u c t i o n  i n  
e s t i m a t e d  f l o o d  peak could  s i g n i f i c a n t l y  reduce t h e  d i v e r s i o n  channel  
r equ i rements .  Also,  t h e r e  i s  l i t t l e  ev idence  o f  s i g n i f i c a n t  h i s t o r i c a l  
runofC from t h e  upper 50 p e r c e n t  of t h e  b a s i n .  Tf t h i s  o b s e r v a t i o n  was 
u t i l i z e d  i n  t h e  a n a l y s i s ,  t h e  computed PMF would be  even s m a l l e r  t h a n  
t h e  r e p o r t e d  v a l u e  of 22,700 c f s .  The g e n e r a l  conc lus ion  was t h a t  a  
l a r g e  f a c t o r  o f  s a f e t y  ( regard ing  peak f low) e x i s t s  i n  t h e  d e s i g n  o f  t h e  
d i v e r s i o n  channe l .  A s  t h i s  above example i n d i c a t e s ,  use  of o l d  methods 
may n o t  always p r o v i d e  t h e  b e s t  a n a l y s i s  of a  problem. 

1 2 . 8  DATA NEEDS 

The d a t a  needed f o r  mathematical  modeling of watershed response  a r e  
dependent on t h e  type of wa te r shed ,  t h e  o b j e c t i v e  of modeling and t h e  
t y p e  of model u t i l i z e d .  The d a t a  requirements  summarized below a r e  



F i g u r e  12-25. Hydrograph d e t e r m i n e d  by MULTWAT. 
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F i g u r e  12-26. PPlF a s  p r e v i o u s l y  determined.  

p r i m a r i l y  f o r  s t u d y i n g  t h e  major watershed response (water  y i e l d ,  s e d i -  
ment y i e l d ,  and s t ream morphology) from smal l  wa te r sheds .  The emphasis 
i s  made on t h e  i n p u t  d a t a  requirements  of t h e  watershed models p r e s e n t e d  
i n  t h i s  c h a p t e r .  However, a d d i t i o n a l  d a t a  f o r  o t h e r  p o t e n t i a l  s t u d i e s  
r e l a t e d  t o  t h e  watershed response a r e  a l s o  i d e n t i f i e d .  

There  a r e  two d i s t i n c t  t y p e s  of d a t a  invo lved  i n  t h e  a n a l y s i s .  They 
a r e  t h e  model i n p u t  d a t a ,  which a r e  r e q u i r e d  spec i f i ca l1 .y  f o r  t h e  model 
i n p u t ,  and t h e  b a s i c  d a t a  (raw d a t a ) ,  which a r e  t a k e n  d i r e c t l y  by f i e l d  
measurements. Genera l ly ,  t h e  model i n p u t  d a t a  a r e  o b t a i n e d  by r e t r i e v -  
i n g  and /or  ana lyz ing  t h e  raw d a t a .  The r e q u i r e d  model i n p u t  d a t a  a,nd 
b a s i c  d a t a ,  and t h e  supplementary d a t a  t h a t  a r e  impor tan t  t o  watershed 
s t u d y  a r e  summarized a s  f o l l o w s .  
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F i g u r e  12-27. I n f i l t r a t i o n  r a t e  d a t a  from Walnut Gulch, Ar izona .  
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F i g u r e  12-28. I n f i l t r a t i o n  volume d a t a  from Walnut Gulch,  Ar izona .  



R e c i p r o c a l  of Infillrated Volume in i n ches  

F i g u r e  12-29. PloL of i n f i l t r a t i o n  r a t e  a s  a  f u n c t i o n  o f  t h e  
r e c i p r o c a l  of i n f i l t r a t e d  volume. 

The f i r s t  approximat ion of K may be o b t a i n e d  from U.S. Department 
of A g r i c u l t u r e ,  S o i l  Conservat ion S e r v i c e  f i e l d  p r o f i l e  p e r m e a b i l i t y  
t e s t s .  These t e s t s  g i v e  a  r a n g e , f o r  t h e  v a l u e  of h y d r a u l i c  c o n d u c t i v i t y  
f o r  each s o i l  c l a s s .  Because v a l u e s  i n  Table  12-4 a r e  s a t u r a t e d  hydrau- 
l i c  c o n d u c t i v i t i e s ,  t h e y  must be d i v i d e d  by two t o  r e p r e s e n t  t h e  conduc- 
t i v i t y  i n  t h e  wet ted zone (Bouwer, 1969) .  

Because t h e  h y d r a u l i c  c o n d u c t i v i t y  depends on t e x t u r e ,  porosiLy and 
s t r u c t u r e ,  a s  w e l l  a s  t h e  v i s c o s i t y  o f  t h e  wa te r ,  a  p a r t i c u l a r  s o i l  type 
may have d i f f e r e n t  h y d r a u l i c  c o n d u c t i v i t i e s  a s  changes i n  t h e s e  charac -  
t e r i s t i c s  o c c u r .  T h e r e f o r e ,  it i s  o f t e n  d i f f i c u l t  t o  a s s i g n  conduct iv-  
i t y  v a l u e s  t o  each s o i l  t y p e .  I n  g e n e r a l ,  though, c l e a n  sandy s o i l s  
w i l l  have h i g h e r  c o n d u c t i v i t i e s  t h a n  p l a s t i c  c l a y  s o i l s .  

The range of v a l u e s  f o r  *ave ' average c a p i l . l a r y  s u c t i o n ,  f o r  

s e l e c t e d  t y p e s  of s o i l s  i s  shown i n  Table  12-5 (Egger t ,  1976). E g g e r t  
shows a  r e l a t i o n s h i p  hetween i n i - t i a l  s a t u r a t i o n -  and qave which 

demonstra tes  t h a t  f o r  a  h igh  i n i t i a l  s a t u r a t i o n ,  t h e  v a l u e  of average 
c a p i l l a r y  s u c t i o n  w i l l  be i n  t h e  lower p a r t  of t h e  g iven  range ,  e .  g . ,  



Table  12-4. P e r m e a b i l i t y  ( h y d r a u l i c  c o n d u c t i v i t y )  c l a s s e s .  

Rate  R e p r e s e n t a t i v e  
Class  i n /  h r  S o i l  Type 

v e r y  slow < 0 .06  Clay 

slow 0 . 0 6  - 0 . 2  S i l t y  c l a y  

moderate ly  slow 0 . 2  - 0 . 6 3  S i l t y  c l a y  loam 

moderate 0 . 6 3  - 2 . 0  S i l t  loam 

r a p i d  2 . 0  - 6 . 3  Sandy loam 

Very r a p i d  > 6 . 3  Sand and g r a v e l  

c a p i l l a r i t y  i s  d e s t r o y e d .  Though o n l y  a  few s o i l  t y p e s  a r e  l i s t e d  i n  
t h e  t a b l e ,  a  rough e s t i m a t e  f o r  Qave can be  made by a s s o c i a t i n g  t h e  

s o i l  mix tu re  found i n  t h e  watershed t o  t h e  most c l o s e l y  r e l a t e d  s o i l  
l i s t e d  i n  Tab le  12-5. I t  i s  necessa ry  t o  s p e c i f y  s o i l  t y p e s  and d i s t r i -  
b u t i o n  by use  of a s o i l  map s o  an  e f f e c t i v e  v a l u e  of (jave f o r  t h e  e n t i r e  

a r e a  being i n v e s t i g a t e d  can be o b t a i n e d .  S o i l  maps and t e x t u r a l  
d e s c r i p t i o n s  can u s u a l l y  be o b t a i n e d  from s o i l  s u r v e y s  done by t h e  U.S. 
Department o f  A g r i c u l t u r e ,  S o i l  Conservat ion S e r v i c e .  

Tab le  12-5. Average c a p i l l a r y  s u c t i o n  f o r  s e l e c t e d  t y p e s  of s o i l  
( a f t e r  E g g e r t ,  1976) .  

Range of Average C a p i l l a r y  
S o i l  Type S u c t i o n  ( i n c h e s )  

Nicke l  g rave l - sand  loam 2 . 0  - 4 .5  

I d a  s i l t  loam 2 . 0  - 3.5 

Poudre f i n e  sand 2 .0  - 4 . 5  

P l a i n f i e l d  sand 3 . 5  - 5 . 0  

Yo10 l i g h t  c l a y  5 . 5  - 10 .0  

Columbia sandy loam 8 . 0  - 9 . 5  

Guelph loam 8 . 0  - 13 .0  

Muren f i n e  c l a y  15.0 - 20.0  
- 



Vegeta t ive  Cover 

Ground and canopy cover  d e n s i t i e s  de te rmine  r a i n f a l l  i n t e r c e p t i - o n  
volumes. Ground cover  d e n s i t y  i s  a l s o  used t o  compute over land  flow 
r e s i s t a n c e .  Canopy cover  d e n s i t y  d a t a  can be a c q u i r e d  by o n - s i t e  
i n s p e c t i o n  o r  by use  of a e r i a l  photography. I f  a e r i a l  photography i s  
used ,  some o n - s i t e  i n s p e c t i o n  i s  a l s o  needed f o r  ground t r u t h .  Canopy 
cover and ground cover  i n t e r c e p t i o n  s t o r a g e  v a l u e s  a r e  more d i f f i c u l t  t o  
determine.  A s t a r t i n g  p o i n t  f o r  e s t i m a t i n g  i n t e r c e p t i o n  v a l u e s  i s  Tab le  
12-6, from Zinke (1967).  I t  i s  necessa ry  t o  s p e c i f y  v e g e t a t i o n  t y p e s  
and d i s t r i b u t i o n  by use  of a  v e g e t a t i o n  map s o  t h a t  r e a l i s t i c  i n t e r c e p -  
t i o n  volumes can be  computed. There a r e  tremendous ranges  i n  t h e  
r e p o r t e d  v a l u e s  making i t  sometimes d i f f i c u l t  t o  s e l e c t  a n  a p p r o p r i a t e  
number. Typ ica l  v a l u e s  f o r  c o n i f e r s  average about  0 .1  i n c h e s  and ground 
cover i n t e r c e p t i o n  i s  e s t i m a t e d  a t  about  0.05 t o  0 . 1 .  The i n k r c e p t i o n  
dep th  i s  computed a s  t h e  p e r c e n t  of cover  t imes t h e  s e l e c t e d  i n t e r c e p -  
t i o n  v a l u e  f o r  t h e  v e g e t a t i v e  t y p e .  

C l imat ic  Data 

Two t y p e s  of c l i m a t i c  d a t a  a r e  impor tan t  i n  modeling of wa te r  and 
sediment y i e l d s .  The most important  i s  r a i n f a l l  d a t a ;  t h e  o t h e r  i s  
t empera tu re .  Temperature i s  used t o  s c a l e  t h e  h y d r a u l i c  c o n d u c t i v i t y  i n  
t h e  s o i l  between v a r i o u s  seasons  o f  t h e  y e a r .  Because h y d r a u l i c  conduc- 
t i v i t y  i s  a  f u n c t i o n  of v i s c o s i t y ,  a s  t empera tu re  r i s e s  so  does t h e  
c o n d u c t i v i t y .  T h e r e f o r e ,  c o n d u c t i v i t i e s  t h a t  r e p r e s e n t  w i n t e r  r a i n f a l l s  
w i l l  be t o o  low f o r  summer s to rms .  S i n c e  t h i s  i s  a  s c a l i n g  p rocedure ,  
a i r  t empera tu res  themselves  a r e  n o t  s c a l e d  h u t  t h e  corresponding wate r  
v i s c o s i t i e s  a r e .  Because temperature  change i s  such a  widespread 
phenomena, use  of temperatures  from any nearby s i m i l a r  a r e a  i s  s a t i s -  
f a c t o r y  . 

The measurement of p r e c i p i t a t i o n  forms an  i n t e g r a l  p a r t  of 
watershed modeling.  In format ion  on p r e c i p i t a t i o n  amount, i n t e n s i t y ,  
f requency ,  and d u r a t i o n  i s  e s s e n t i a l  i n  de te rmin ing  t h e  wa te r  and s e d i -  
ment y i e l d  from a  watershed.  The pr imary source  o f  q u a l i t y  r a i n f a l l  
d a t a  i s  a  network of r ecord ing  r a i n  gages .  T h i s  d a t a  shou ld  c o n s i s t  of 
gage l o c a t i o n s ,  t ime  of r e c o r d i n g ,  and volume o r  d e p t h  o f  r a i n  a t  t h e  
record ing  time. From t h i s  in fo rmat ion  and r e c o r d s  from s t a n d a r d  r a i n  
gages ,  a  s p a t i a l  and temporal  d e s c r i p t i o n  of t h e  s torm can be  developed 
from which t h e  r a i n f a l l  hyetograph f o r  each modeled a r e a  i s  o b t a i n e d .  
I f  gaged r e c o r d s  a r e  n o t  a v a i l a b l e  f o r  an  a r e a ,  d e s i g n  s torms can b e  
genera ted  from p u b l i c a t i o n s  such a s  t h e  U.S .  Weather Bureau TP40 
( H e r s h f i e l d ,  1961) ,  and nondimensional accumulated volume-time c u r v e s .  
These des ign  s torms can t h e n  be  used t o  d e r i v e  a  model t o  s t u d y  water-  
shed o r  road response t o  l i s t i c  i n p u t .  

Channel and Flow R e s i s t a n c e  In format ion  

Channel d a t a  i n c l u d e s  ' f low r e s i s t a n c e  c o e f f i c i e n t s ,  channel  
geometry pa ramete rs ,  and channel  bed sediment c h a r a c t e r i s t i c s .  Flow 
r e s i s t a n c e  i s  estimat,ed a f t e r  a  v i s u a l  o r  pho tograph ic  i n s p e c t i o n  o f  t h e  
flow s u r f a c e .  



Table  12-6. Some i n t e r c e p t i o n  s t o r a g e  v a l u e s  r e p o r t e d  f o r  
v e g e t a t i o n  i n  t h e  american l i t e r a t u r e * .  

V e g e t a t i o n  S t o r a g e  Amount 
Element Spec ies  (mm) ( i n .  ) 

CONIFERS Abies concolor  L i n d l .  3 . 8  
Mature 6 . 6  
Po le  s i z e  7 . 6  

Abies magnif ica  A .  Murr. 0 . 8  
Pinus  c o n t o r t a  Dougl. 

HARDWOODS 

Pinus  l amber t i ana  
Dougl . 
Pinus  ponderosa 
Pinus  ponderosa laws 

Second growth 

Mature 
Young (14 f t .  h igh)  

P inus  r a d i a t a  D .  Don 

P inus  r e s i n o s a  A i t .  

P icea  rubens S a r .  
(30 y r s .  o l d )  

Pinus  s t o r b u s  L. 

Tsuga canadens i s  (L) 
C a r r .  

Aesculus c a l i f o r n i c a  
(Spach) N u t t  . 
F a l l  and w i n t e r  
S p r i n g  and summer 

C i t r u s  aurant ium L .  
Mixed hardwoods 
(Acer,  Ulmus, Quercus,  Be tu la )  
Mixed hardwoods 
West V i r g i n i a  

Quercus rubra  L . ,  
Liviodendron 
T u l i p i f e r a  L . ,  e t c . )  
Summer 
Winter  

Northern hardwoods 

Liquidamber s t v r a c i f l u a  L. 

A l l  e a s t e r n  N .  
American hardwood d a t a  



Table  12-6. ( con t inued)  

Vege ta t ion  
Element Spec ies  

S t o r a g e  Amount 
(mm) ( i n .  ) 

SHRUBS Adenostonma fasc icu la tum H & A 1 .3 -1 .5  0 .05-0 .06 '  
Bacchar i s  p i l u l a r i s  DC 0 .5-1 .5  0 .02-0.06 '  

Ceanothu cuneatus  
(Hook) Nut t  . , 
Arc tos taphy los  
mariposa Dudley 1 . 5  
Cercocarpus l e d i f o l i u s  N u t t .  1 . 0  
P h o t i n i a  a r i b u t i f o l i a  L i n d l .  0 .3 -1  
Quercus dumosa 
Nut t  . 
Cercocarpus 
b e t u l o i d e s  N u t t .  
Ceanothus c r o s s i f  o l i u s  2 .0  

GRASS Annual grasses-Ca.  
S e c a l e  c e r e a l e  L. 

FOREST FLOOR Li r iodendron  t u l i p f e r a  L . ,  
H i c o r i a  spp .  
Quercus coccinea 
kluenchh. 1 . 4  0.057 

Pinus  ponderosa laws 
20-24 y r  2 . 3  0.09 
70-80 y r  8 .1  0 . 3 2  
140-160 y r  21.2 0 .44  

Pinus  r a d i a t a  D .  Don 
5-10 y r  0 .5  0 . 0 2  
10-15 y r  1 . 0  0 .  04 
15-20 y r  1 . 8  0.07 
25-30 y r  3.6 0 . 1 4  

$ :Prec ip i t a t ion  a s  r a i n  u n l e s s  i n d i c a t e d  a s  snow($;) o r  a r t i f i c i a l  
s p r i n k l i n g ( '  ) .. 



General  

Model I n p u t  Data 

The i n p u t  d a t a  r e q u i r e d  f o r  t h e  s i m u l a t i o n  a r e  d i f f e r e n t  f o r  
d i f f e r e n t  models. Descr ibed below a r e  t h o s e  f o r  g e n e r a l  purposes .  

Geometry d a t a  i n c l u d e  s l o p e  l e n g t h ,  bed s l o p e ,  we t ted  p e r i m e t e r  
v e r s u s  f low a r e a  r e l a t i o n s ,  and computat ion sequence.  

S o i l  d a t a  i n c l u d e  t h e  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y ,  average  
c a p i l l a r y  s u c t i o n  p r e s s u r e ,  s o i l  p o r o s i t y ,  and degree  o f  s a t u r a t i o n  
i n  t h e  we t ted  zone.  

Vege ta t ion  and ground cover  d a t a  i n c l u d e  canopy cover  d e n s i t y ,  
ground cover  d e n s i t y ,  t h e  t y p i c a l  i n t e r c e p t i o n  s t o r a g e  c a p a c i t y  o f  
canopy cover ,  and ground cover .  

Flow r e s i s t a n c e  paramete rs  a r e  c o n s t a n t s  d e s c r i b i n g  g r a i n  
r e s i s t a n c e  and o v e r a l l  r e s i s t a n c e .  The o v e r a l l  r e s i s t a n c e  param- 
e t e r s  f o r  over land  flow u n i t s  should  i n c l u d e  paramete rs  f o r  b o t h  
minimum and maximum r e s i s t a n c e .  

Storm c h a r a c t e r i s t i c s  i n c l u d e  r a i n f a l l  i n t e n s i t y  and a r e a l  
d i s t r i b u t i o n  o f  r a i n f a l l  i n t e n s i t y  i f  s t u d y i n g  a  l a r g e  wate r shed .  

Antecedent  c o n d i t i o n s  i n c l u d e  t h e  a n t e c e d e n t  s o i l  m o i s t u r e  c o n t e n t .  

B a s i c  Data 

I n  o r d e r  t o  have t h e  model i n p u t  d a t a  g iven  i n  t h e  p r e v i o u s  
s e c t i o n ,  t h e  fo l lowing  b a s i c  d a t a  (raw d a t a )  a r e  needed. 

Topographic d a t a  i n c l u d e  t h e  topography survey  map, a e r i a l  
pho tographs ,  and channel  geometry su rvey  r e s u l t s .  With t h e s e  d a t a ,  
a l l  t h e  geometry d a t a  r e q u i r e d  f o r  t h e  model i n p u t  can be  d e t e r -  
mined f o r  b o t h  over land  flow a r e a s  and channe l s .  

S o i l  d a t a  i n c l u d e  s o i l  survey maps i n d i c a t i n g  t h e  a e r i a l  
d i s t r i b u t i o n  of s o i l  t y p e s ,  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y ,  
average  c a p i l l a r y  s u c t i o n  p r e s s u r e ,  s o i l  p o r o s i t y ,  and degree  of 
s a t u r a t i o n  i n  t h e  wet ted zone.  

F o r e s t  i n v e n t o r y  d a t a  i n c l u d e  t o t a l  v e g e t a t i o n  volume, t o t a l  l i t t e r  
volume ( o r  l i t t e r  i n d e x ) ,  canopy cover  d e n s i t y ,  g.round cover  
d e n s i t y ,  a r e a l  d i s t r i b u t i o n  o f  v e g e t a t i o n  t y p e  (can  be  e s t i m a t e d  
from a e r i a l  o r  c o l o r  i n f r a r e d  p h o t o s ) ,  and i n t e r c e p t i o n  s t o r a g e  
c a p a c i t y  o f  a  t y p i c a l '  t r e e  and a  u n i t  a r e a  o f  f o r e s t  f loor . .  From 
t h e s e  f o r e s t  i n v e n t o r y  d a t a ,  t h e  v e g e t a t i o n  and ground cover  d a t a  
f o r  t h e  model i n p u t  can be  ' e a s i l y  determined.  

Hydrau l ic  da ta ,  i n c l u d e  flow d i s c h a r g e ,  d e p t h ,  and v e l o c i t y .  These 
d a t a  a r e  used t o  e s t i m a t e  t h e  f low r e s i s t a n c e  paramete rs  t o  
e v a l u a t e  t h e  performance of t h e  mathemat ical  model. 



Cl imato log ic  d a t a  inc lude  t h e  r a i n f a l l  r ecord  i n  e i t h e r  s t r i p  
c h a r t s  o r  hyetographs .  The a n t e c e d e n t  c o n d i t i o n s  can o n l y  be  e s t i -  
mated i f  t h e  i n t e r s t o r m  wate r  b a l a n c e  s i m u l a t i o n  i s  a v a i l a b l e .  

Hydrograph d a t a  a r e  needed f o r  model c a l i b r a t i o n  and s i m u l a t i o n  
e v a l u a t i o n .  These d a t a  i n c l u d e  t h e  wa te r  a t  t h e  watershed o u t l e t  
and t h e  r e s u l t a n t  channel  p r o f i l e s .  

Watershed management d a t a  a r e  v e r y  impor tan t  f o r  e v a l u a t i n g  t h e  
watershed t r e a t m e n t  e f f e c t s .  These d a t a  i n c l u d e  t h e  v e g e t a t i o n  
t r e a t m e n t  d a t a  ( c l e a r - c u t ,  p a t c h - c u t ,  o r  burn ing  t r e a t m e n t )  and t h e  
mechanical  t r e a t m e n t  d a t a  (check dam, logg ing  road ,  windrow and 
s k i d  t r a i l ,  e t c . ) .  

Methods f o r  Computing o r  E s t i m a t i n g  Model In format ion  

There a r e  numerous and v a r i e d  t echn iques  f o r  g a t h e r i n g  and 
e s t i m a t i n g  i n f o r m a t i o n  needed t o  o p e r a t e  a  mathemat ical  model. Exper i -  
ence has  shown how some model pa ramete rs  can be e s t i m a t e d  from s c a n t y  
d a t a .  S e l e c t e d  t echn iques  a r e  p r e s e n t e d  i n  t h e  fo l lowing  s e c t i o n  f o r  
de te rmin ing  t h e s e  necessa ry  paramete rs .  

S o i l  C h a r a c t e r i s t i c s .  C e r t a i n  hydro log ic  p r o p e r t i e s  o f  t h e  s o i l  
must be ob ta ined  t o  p r o p e r l y  model t h e  i n f i l t r a t i o n  p r o c e s s  u s i n g  t h e  
Green-Ampt model and s o i l  s i z e  d i s t r i b u t i o n .  A s  a  minimum, s o i l  
t e x t u r a l  c l a s s i f i c a t i o n s  a r e  r e q u i r e d .  Parameters  i n  t h e  i n f i l t r a t i o n  
model i n c l u d e :  t h e  e f f e c t  of h y d r a u l i c  c o n d u c t i v i t y  i n  t h e  we t ted  zone 
K ,  t h e  p o r o s i t y  4 ,  t h e  f i n a l  (S ) and i n i t i a l  (Si) s o i l  s a t u r a t i o n ,  and 

W 

t h e  average c a p i l l - a r y  s u c t i o n  head $ave. The Green-Ampt i n f i l t r a t i o n  
model can be r e w r i t t e n  a s  

where i i s  i n f i l t r a t i o n  r a t e ,  6 i s  a  grouping of s o i l '  p a r a m e t e r s ,  F 
i s  i n f i l t r a t e d  volume, and K i s  d e f i n e d  above.  The 6 paramete r  i s  
6 = Oa,, ( sw - Si)$ .  The e f f e c t i v e  h y d r a u l i c  c o n d u c t i v i t y  i n  t h e  we t ted  

zone i s  abou t  one-half  t h e  h y d r a u l i c  c o n d u c t i v i t y  normal ly  r e p o r t e d .  I t  
r e p r e s e n t s  t h e  i n f i l t r a t i o n  r a t e  -when  t h e  s o i l  n e a r s  s a t u r a t i o n .  
Exper ience has  shown t h a t  K i s  a  more s e n s i t i v e  pa ramete r  t h a n  6. 
There fore  some of t h e  parameters  t h a t  make up 6 can b e  roughly es t i -  
mated i f  needed. Of ten  4 i s  assumed a s .  0 .5  and S  a s  .1.0. B e t t e r  

W 

e s t i m a t e s  o f  @ can be made, b u t  t h e  improvement i n  model accuracy  i s  
n o t  u s u a l l y  marked. Values of Sw a r e  u s u a l l y  c l o s e  t o  1 .0 .  The 

i n i t i a l  degree  of s a t u r a t i o n  can be  roughly e s t i m a t e d  from a n t e c e d e n t  
r a i n f a l l  c o n d i t i o n s ,  t empera tu re  d a t a ,  and a  knowledge of t h e  s o i l .  
Because t h i s  v a l u e  i s  used f o r  c a l i b r a t i o n  i n  c o n j u n c t i o n  w i t h  t h e  Oave 
v a l u e ,  on ly  a n  i n t u i t i v e  r e a l i s t i c  i n i t i a l  e s t i m a t e  i s  needed. Wet 
c o n d i t i o n s  a r e  about  0 . 8  and g r e a t e r ,  and d r y  i s  u s u a l l y  below about  0 . 3  
o r  0 . 4 .  The v o l u m e t r i c  water  c o n t e n t  i n  t h e  weighted zone Ow i s  
d e f i n e d  a s  



and can be used i f  wa te r  c o n t e n t  d a t a  a r e  a v a i l a b l e  

U n f o r t u n a t e l y ,  e x c e p t  f o r  s o i l s  which have undergone c o n s i d e r a b l e  
l a b o r a t o r y  s t u d y ,  s o i l  d a t a  f o r  v a l u e s  of K and Save a r e  s imply n o t  

a v a i l a b l e .  S i n c e  s o i l s  a r e ,  i n  g e n e r a l ,  a n i s o t r o p i c  and heterogeneous  
i n  t h e i r  physj.ca1 p r o p e r t i e s ;  c o n d u c t i v i t y ,  p o r o s i t y ,  and c a p i l l a r y  
p r e s s u r e s  may easi1.y v a r y  by s i g n i f i c a n t  amounts over  v e r y  s m a l l  a r e a s  
( C a r v a l l o  e t  a l . ,  1976) .  T h e r e f o r e ,  t h e  mathemat ical  a n a l y s i s  based on 
d a t a  from one o r  two e x t e n s i v e l y  s t u d i e d  samples may n o t  b e  meaningful .  
Any watershed s i m u l a t i o n  r e q u i r e s  c a l i b r a t i o n  t o  a t t e m p t  t o  compensate 
f o r  n e g l e c t e d  p r o c e s s e s  and inadequac ies  i n  t h e o r y .  The paramete rs  o f  
t h i s  i n f i l t r a t i o n  model, p a r t i c u l a r l y  K ,  a r e  prime c a n d i d a t e s  f o r  such 
c a l i b r a t i o n ;  t h e r e f o r e ,  good f i r s t  e s t i m a t e s  of K and qave 

a r e  

needed. To t h i s  end ,  t h e  f o l l o w i n g ,  method f o r  e s t i m a t i n g  K and $ave 

i s  s u g g t s  t e d .  

I f  i n f i l t r o m e t e r  d a t a  a r e  a v a i l a b l e ,  t h e  f o l l o w i n g  method can be 
used t o  o b t a i n  e s t i m a t e s  o f  K and 6: 

1. P l o t  t h e  i n f i l t r a t i o n  r a t e  and i n f i l t r a t e d  volume a s  a  
f u n c t i o n  o f  t i m e .  F i g u r e  12-27 shows an  example of p l o t t e d  
i n f i l t r o m e t e r  d a t a  from Walnut Gulch, Arizona.  

2 .  P l o t  t h e  i n f i l t r a t i o n  r a t e  v e r s u s  t h e  r e c i p r o c a l  of t h e  
i n f i l t r a t e d  volume u s i n g  t h e  curves  p l o t t e d  i n  S t e p  1 of  t h e  p roce-  
d u r e .  F i g u r e  12-28 shows t h e  r e s u l t  o f  p l o t t i n g  t h i s  t y p e  o f  curve  
from d a t a  g iven  i n  F i g u r e  12-27. 

3 .  The curve o f  i n f i l t r a t i o n  r a t e  a s  a f u n c t i o n  of t h e  
r e c i p r o c a l  o f  i n f i l t r a t e d  volume i s  n e a r l y  a  s t r a i g h t  l i n e ,  a t  
l e a s t  t o  t h e  e x t e n t  t h a t  t h e  Green-Ampt e q u a t i o n  r e p r e s e n t s  t h e  
a c t u a l  s o i l  performance.  I f  a  s t r a i g h t  l i n e  i s  f i t t e d  t o  t h i s  
d a t a ,  t h e n  t h e  y - i n t e r c e p t  i s  K ,  and t h e  s l o p e  i s  6K . Thus,  
e s t i m a t e s  o f  K and 6 can b e  o b t a i n e d  by measuring t h e  x l o p e  and 
i n t e r c e p t  o f  t h e  l i n e  approximat ing t h e  d a t a .  From F i g u r e  12-29, 
t h e  v a l u e  o f  K may be e s t i m a t e d  a s  0 .78  inches  p e r  minute  and 6 
a s  1 .22  i n c h e s .  

A s  s e e n  from F i g u r e  12-29, a  c o n s i d e r a b l e  amount of "noise'. ' e x i s t s  
i n  t h i s  d a t a .  T h i s  "noise"  may be due t o  a  number of c a u s e s  i . e . ,  
bubb l ing ,  inhomogenei t ies  i n  t h e  s o i l ,  o r  even a  b a d l y  execu ted  i n f i l -  
t r o m e t e r  exper iment .  Whatever t h e  c a u s e ,  t h e  s c a t t e r  i n  t h e  d a t a  makes 
f i t t i n g  a  s t r a i g h t  l i n e  a  d i f f i c u l t  t a s k .  

A more p r e c i s e  e s t i m a t e  of t h e s e  pa ramete rs  u s i n g  t h e  same raw d a t a  
could be o b t a i n e d  by us ing  opt imiz .a t ion techni-ques such a s  proposed by 
L i  and Simons (1977) .  However, t h e  use  of t h e s e  t e c h n i q u e s ,  whi le  more 
p r e c i s e ,  s u f f e r s  t h e  same c r i t i c i s m  a s  t h o s e  m e n t i o n e d . e a r l i e r  c o n s i d e r -  
i n g  t h e  wide s p a t i a l  v a r i a b i l i t y  of s o i l  c h a r a c t e r i s t i c s .  T h e r e f o r e ,  
whi le  c e r t a i n l y  n o t  r i g o r o u s ,  t h e  method proposed h e r e i n  may be more 
c o n s i s t e n t . w i t h  a v a i l a b l e  f i e l d  d a t a .  



Overland f low r e s i s t a n c e  i s  d e f i n e d  u s i n g  t h e  Darcy-Weisbach 
f r i c t i o n  f a c t o r  a s  

where f  i s  t h e  Darcy-Weisbach f r i c t i o n  f a c t o r ,  Kt  i s  a n  o v e r a l l  f low 

r e s i s t a n c e  paramete r ,  and N2 i s  t h e  Reynolds number of t h e  over land  

f low.  Reynolds number i s  t h e  r a t i o  of i n t e r n a l  f o r c e s  t o  v i s c o u s  f o r c e s  
i n  f lowing  w a t e r .  Overland flow r e s i s t a n c e  paramete rs  w i l l  v a r y  depend- 
i n g  on t h e  flow s u r f a c e .  Suggested v a l u e s  f o r  t h e  upper and lower over-  
a l l .  r e s i s t a n c e  f a c t o r s  a r e  given i n  Table  12-7 from Woolhiser (1975) .  

Tab le  12-7. O v e r a l l  r e s i s t a n c e  parameters  f o r  over land  f low.  

S u r f a c e  Range of Parameter  

Concrete o r  Aspha l t  

Bare Sand 

Graveled Sur face  

Bare Clay - Loam S o i l  (eroded)  

S p a r s e  Vege ta t ion  

S h o r t  Grass P r a i r i e  

Bluegrass  Sod 

A f o r e s t  f l o o r  may have a  lower v a l u e  o f  100 f o r  a  b a r e  s o i l  
s u r f a c e  and up t o  40,000 f o r  dense ground cover .  S i m i l a r l y  a  g r a i n  
r e s i s t a n c e  Darcy-Weisbach f r i c t i o n  f a c t o r  i s  used i n  t h e  models.  A good 
e s t i m a t e  f o r  t h e  corresponding g r a i n  r e s i s t a n c e  paramete r  i s  i n  t h e  
range o f  45 t o  50 .  

An e s t i m a t e  o f  Manning's n  v a l u e  can be used t o  determine a  
r e s i s t a n c e  parameter  s p e c i f i c a l l y  f o r  channel  f low.  The channe l  f low 
r e s i s t a n c e  parameter  o r  Darcy-Weisbach f r i c t i o n  f a c t o r  f can be  
r e l a t e d  t o  Manning's n  a s  

where R i s  t h e  h y d r a u l i c  r a d i u s  i n  f e e t  of channel  f low.  

Channel geometry i s  u s u a l l y  determined by o n - s i t e  measurements of 
c r o s s  s e c t i o n s .  These measurements can be conver ted t o  s e t s  o f  geo- 
m e t r i c  r e l a t i o n s h i p s  between d e p t h ,  a r e a ,  wet ted p e r i m e t e r ,  and t o p  
wid th .  R e c e n t l y ,  Simons, L i  and Ward (1978) p r e s e n t e d  a  method f o r  
a c q u i r i n g  channel  c.ross s e c t i o n  measurements from s t ream photographs .  



Models be ing  developed,  used ,  and improved a t  Colorado S t a t e  
U n i v e r s i t y  a r e  based on p h y s i c a l  p r o c e s s e s  and t h e r e f o r e  r e f l e c t  changes 
i n  t h e  n a t u r a l  system much more mean ingfu l ly  t h a n  models based on 
r e g r e s s i o n  a n a l y s i s .  Th i s  a l lows  t h e s e  p r o c e s s  models t o  be wide ly  used 
and e a s i l y  t r a n s f e r a b l e  i f  t h e  l i m i t a t i o n s  o f  each model a r e  recognized .  

Computer based p r o c e s s  models a r e  a  v e r y  u s e f u l  t o o l  i n  p r e d i c t i n g  
and p l a n n i n g .  However, more r e s e a r c h  i s  needed t o  p e r f e c t  and s i m p l i f y  
t h e s e  models b e f o r e  they a r e  widely  accep ted .  
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CHAPTER 13 

WATERSHED SEDIMENT YIELD 

13.1  INTRODUCTION 

Increased demands on natural resources have produced beneficial and 
adverse impacts on watershed systems. Activities such as timbering, 
road building, mining, and agricultural uses have sometimes created 
adverse impacts on soil and water systems. Assessment of these impacts 
often demands quantitative as well as qualitative evaluations. One such 
evaluation is sediment yield or change in sediment yield brought about 
by such activities. Qualitative response of the system can be deduced 
from an understanding of controlling physical processes and the 
influence specific activities have on these processes. Quantitative 
responses such as change in sediment yield per acre require some type of 
mathematical expression or model. Such an expression should relate 
measures of key physical processes to the sediment yield. In this 
manner the model or expression would be sensitive to changes in 
controlling processes and reflect quantifiable natural or man-induced 
changes in the system. 

This cha?ter discusses various models for estimating sediment yield 
from watersheds. Physical process simulation models.are emphasized and 
example applications are presented. Models are used to estimate or 
predict sediment yields resulting from natural or disturbed watershed 
lands taking into account important physical processes such as raindrop 
splash, overland flow erosion, channel erosion, and movement of the 
different sediment size fractions. The models presented herein do not 
account for gully- or landslide-generated sediment yields. One impor- 
tant aspect of model development and operation is data. Without 
adequate data, testing and verification of models before application to 
real situations may produce erroneous results unrepresentative of actual 
conditions. Understanding model operations and controlling physical 
processes allows rapid delineation of erroneous data. Model develop- 
ment, keeping physical processes and data needs in the forefront, can 
produce realistic accurate methods for estimating sediment yield from 
watersheds. 

13.2 TYPES OF APPROACH 

Numerous approaches can be used to determine sediment yield from 
natural or disturbed land surfaces. Of interest are those approaches 
that utilize mathematical models. One category of mathematical models 
is the "black box," or lumped parameter model. Another category is 
based on regression equations as typified by the Universal Soil Loss 
Equation. Both types interpret input-output relations using simplified 
forms that may or may not have physical significance. Processes related 
to the movement of water and sediment through the watershed are grouped 
into coefficients. A classic example is the rational formula for esti- 
mating peak discharge i.e., Q = CIA where Q is peak discharge, i is 
rainfall input, A is the drainage area, and C is the runoff coeffi- 
cient that represents all hydrologic processes. Although lumped 
parameter and regression models are often used, the parameteks may not 
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a c c u r a t e l y  r e p r e s e n t  obse rvab le  p h y s i c a l  c h a r a c t e r i s t i c s .  
Another d i sadvan tage  i s  t h a t  some models do n o t  c o n s i d e r  p h y s i c a l  
environment dynamic w i t h  r e s p e c t  t o  t ime and l o c a t i o n .  

Another approach i s  through t h e  u s e  of s t o c h a s t i c  models. I f  
r a i n f a l l  e v e n t s ,  watershed response ,  and runof f  e v e n t s  a r e  s t o c h a s t i c  
i . e . ,  p r o b a b i l i s t i c  i n  n a t u r e ,  t h e  p r o c e s s e s  of sediment  y i e l d  a r e  a l s o  
s t o c h a s t i c .  However, s t o c h a s t i c  models a r e  d i f f i c u l t  t o  app ly  (Shen and 
L i ,  1976) and do n o t  r e a d i l y  show response of a  watershed undergoing 
changes a s  a  r e s u l t  o f  v a r i o u s  l and  use  a c t i v i t i e s .  Most hypotheses  
used i n  s t o c h a s t i c  models have n o t  been t e s t e d  by f i e l d  d a t a .  Because 
Woolhiser and Bl inco  (1975) i n d i c a t e d  t h a t  knowledge i n  app ly ing  
s t o c h a s t i c  models t o  sediment y i e l d  from watersheds  i s  p r i m i t i v e ,  
s t o c h a s t i c  models a r e  n o t  cons idered  i n  t h i s  c h a p t e r .  

The p h y s i c a l  p r o c e s s  s i m u l a t i o n  model i s  a n o t h e r  t y p e  of model i n  
which t h e  governing p r o c e s s e s  c o n t r o l l i n g  sediment y i e l d  a r e  formulated 
and analyzed s e p a r a t e l y  t o  p rov ide  model sensitivity t o  l a n d  management 
a l t e r n a t i v e s .  Th i s  type o f  model w i l l  be d i s c u s s e d  i n  d e t a i l  i n  t h i s  
c h a p t e r .  

Regress ion  Models 

Among t h e  methods a v a i l a b l e  t o  e s t i m a t e  sediment y i e l d ,  r e g r e s s i o n  
models a r e  perhaps  t h e  s i m p l e s t  t o  u s e .  V a l i d i t y  o f  r e g r e s s i o n  models 
i s  dependent on d a t a  a v a i l a b i l i t y .  There fore  a p p l i c a t i o n  o f  r e g r e s s i o n  
models i s  s u b s t a n t i a l l y  r e s t r i c t e d  i f  t h e r e  i s  i n s u f f i c i e n t  d a t a .  

Musgrave (1947) analyzed s o i l  l o s s  measurement f o r  approx imate ly  
40,000 s torms o c c u r r i n g  on f r a c t i o n a l  p l o t s  i n  t h e  Uni ted S t a t e s .  
R e s u l t s  of h i s  s t u d y  i n d i c a t e d  t h a t  

1 .75  L0.35 S1.35 
A = I  

S 
(13-1) 

g -  

where A i s  t h e  annual  s o i l  l o s s  p e r  u n i t  a r e a ,  I i s  t h e  maximum 30 
S 

minute i n t e n s i t y  w i t h  a  r e t u r n  p e r i o d  o f  two y e a r s ,  K i s  t h e  numerical  
v a l u e  t h a t  i s  p r o p o r t i o n a l  t o  t h e  s o i l  e r o d i b i l i t y ,  L i s  t h e  s l o p e  
l e n g t h ,  S i s  t h e  p e r c e n t  s l o p e ,  and C i s  t h e  ground cover .  

g  

Th is  e q u a t i o n  i s  u s u a l l y  a p p l i c a b l e  t o  long- term average  s o i l  
l o s s e s  f o r  an  e x t e n s i v e  a r e a .  I n  o r d e r  t o  ex tend  t h e  Musgrave e q u a t i o n  
t o  e s t i m a t e  shor t - t e rm s o i l  l o s s  r a t e s  f o r  l o c a l i z e d  a r e a s ,  e x t e n s i v e  
d a t a  c o l l e c t i o n  and a n a l y s e s  were made by Wischmeier and Smith (1960) .  
T h e i r  e f f o r t s  l e d  t o  t h e  development of a  more r e f i n e d  s o i l  l o s s  
e q u a t i o n ,  t h e  U n i v e r s a l  S o i l  Loss Equa t ion  (USLE). S i n c e  t h e n ,  t h e  USLE 
has  been a p p l i e d  t o  a l l  t y p e s  of watersheds  and i s  perhaps  t h e  most 
comprehensive and popula r  r e g r e s s i o n  model f o r  e s t i m a t i n g  s o i l  l o s s .  It 
i s  d i s c u s s e d  i n  t h e  fol lowing.  s e c t i o n s .  

Will iams and Berndt (1972) recognized t h a t  a p p l i c a t i o n  o f  t h e  
Universa l  S o i l  Loss Equa t ion  i s  l i m i t e d  t o  s o i l  l o s s  and developed 
a n o t h e r  p rocedure  f o r  computing sediment y i e l d s  from wate r sheds .  They 
in t roduced  a  runof f  f a c t o r  i n s t e a d  of r a i n f a l l  energy i n t o  t h e  Univers 'al  



S o i l  Loss Equa t ion  t o  e s t i m a t e  s o i l  l o s s  and a  d e l i v e r y  r a t i o  t o  
e s t i m a t e  sediment y i e l d .  L a t e r  Will iams (1975) used t h e  modif ied 
U n i v e r s a l  S o i l  Loss Equa t ion  w i t h  a  decay f u n c t i o n  t o  e s t i m a t e  sediment 
y i e l d  from wate r sheds .  The modif ied Universa l  S o i l  Loss Equat ion i s  

where Qv i s  runof f  volume i n  a c r e - f t  and 

cub ic  f e e t  p e r  second.  The decay f u n c t i o n  

where A. i s  t h e  sediment y i e l d  i n  t h e  
r o u t i n g  c o e f f i c i e n t ,  t i s  t h e  t r a v e l  time between s e c t i o n s ,  and ds i s  
t h e  s o i l  p a r t i c l e  d iamete r .  Although promising i n  t h a t  it u s e s  more 
e a s i l y  unders tood p h y s i c a l  q u a n t i t i e s ,  t h i s  s to rm-bas i s  method i s  
s u b j e c t  t o  some of t h e  same d i sadvan tages  a s  t h e  o r i g i n a l  USLE. 

(13-2) 

ep i s  t h e  peak f low r a t e  i n  

i s  

(13-3) 

upstream s e c t i o n ,  I3 i s  t h e  

U n i v e r s a l  S o i l  Loss Eaua t ion  

The most wide ly  used r e g r e s s i o n  model i s  t h e  U n i v e r s a l  S o i l  Loss 
Equat ion (USLE). The U.S. Department of A g r i c u l t u r e  began t o  s t u d y  s o i l  
l o s s  approximately  1930 when t h e  f i r s t  t e n  F e d e r a l - S t a t e  Coopera t ive  
S t a t i o n s  began' o p e r a t i o n .  Thir ty- two a d d i t i o n a l  s t a t i o n s  were e s t a b -  
l i s h e d  i n  t h e  n e x t  25 y e a r s .  Measurements o f  p r e c i p i t a t i o n ,  r u n o f f ,  and 
s o i l  l o s s  a s s o c i a t e d  w i t h  t h e s e  42 s t a t i o n s  ( i n  23 s t a t e s  e a s t  of t h e  
Rocky Mountains) were c o l l e c t e d  con t inuous ly  f o r  p e r i o d s  of from 5  t o  30 
o r  more y e a r s .  F i e l d  p l o t s  were r e c t a n g u l a r  t o  f a c i l i t a t e  t y p i c a l  f low 
row s p a c i n g s  f o r  c u l t i v a t e d  u n i t s .  A p l o t  72.6 f e e t  l o n g  on n i n e  
p e r c e n t  uniform s l o p e  i n  b a r e  f a l l o w  s o i l  and t i l l e d  t o  b r e a k  s u r f a c e  
c r u s t s  was a r b i t r a r i l y  s e l e c t e d  t o  s e r v e  a s  a r e f e r e n c e  f o r  e v a l u a t i o n .  

S i x  major f a c t o r s  t o  d e s c r i b e  r a i n f a l l  R ,  s o i l  e r o d i b i l i t y  K ,  
s l o p e - l e n g t h  L ,  s l o p e  s t e e p n e s s  S ,  cropping and management C ,  and 
supplemental  e r o s i o n - c o n t r o l  p r a c t i c e s  such  a s  con tour ing  o r  t e r r a c i n g  
P ,  were used t o  develop t h e  U n i v e r s a l  S o i l  Loss Equa t ion .  T h i s  model i s  
based on f i e l d  d a t a  c o l l e c t e d  from t h e  p l o t s  d e s c r i b e d  above and from 
r a i n f a l l  s i m u l a t i o n  d a t a .  The USLE model i s  

where L ,  S ,  C ,  and P a r e  a l l  d imens ion less .  Computed s o i l  l o s s  E  
has  a  time p e r i o d  o f  I? and s o i l  l o s s  dimension o f  K .  Smith a n a  
Wischmeier (1957),  Meyer (1971), and Wischmeier (1973) p r o v i d e  d e t a i l e d  
d e s c r i p t i o n s  o f  t h i s  e q u a t i o n  and i t s  t e rms .  

The r a i n f a l l  f a c t o r  .R i s  dependent on paramete r  EI  and t h e  
p roduc t  o f  k i n e t i c  energy of t h e  s torm t imes  maximum 30-minute r a i n f a l l  
i n t e n s i t y .  Maximum 30-minute i n t e n s i t y  i s  t w i c e  t h e  g r e a t e s t  amount of 
recorded r a i n f a l l  i n  any 30 consecu t ive  minutes .  The s torm energy E 
was computed from a  r e l a t i o n s h i p  between E and r a i n f a l l  i n t e n s i t y .  An 
i s o - e r o d e n t  map t o  i n d i c a t e  v a l u e s  of R f o r  n g a r l y  a l l  l o c a t i o n s  i n  
t h e  37 s t a t e s  e a s t  o f  t h e  Rocky Mountains was developed by Wischmeier 
and Smith (1965) based on d a t a  c o l l e c t e d  by t h e  U.S. Weather Bureau. 



I n  g e n e r a l  t h e  R f a c t o r  must be p r e d i c t e d  on a  p r o b a b i l i t y  b a s i s .  
Frequency d i s t r i b u t i o n s  of annua l ,  s e a s o n a l ,  o r  annual-maximum s to rm E I  
v a l u e s  fo l low t h e  log-normal type  of curve t y p i c a l  of h y d r o l o g i c a l  d a t a .  

S o i l  e r o d i b i l i t y  f a c t o r  K was found by Wischmeier e t  a l .  (1971) 
t o  be a  f u n c t i o n  o f  p e r c e n t  of s i l t ,  p e r c e n t  of c o a r s e  sand ,  s o i l  
s t r u c t u r e ,  . p e r m e a b i l i t y  of s o i l ,  and p e r c e n t  of o r g a n i c  m a t t e r .  The 
s o i l  e r o d i b i l i t y  nomograph i s  shown i n  F i g u r e  13-1. 

Slope l e n g t h  f a c t o r  L was de f ined  a s  t h e  r a t i o  o f  s o i l  l o s s  from 
a  p a r t i c u l a r  s l o p e  l e n g t h  t o  s o i l  l o s s  from a  72 .6 - foo t  p l o t  l e n g t h  w i t h  
a l l  o t h e r  c o n d i t i o n s  t h e  same. Slope l e n g t h  was d e f i n e d  a s  t h e  d i s t a n c e  
from t h e  p o i n t  o f  over land  flow o r i g i n  t o  t h e  p o i n t  where e i t h e r  s l o p e  
d e c r e a s e s  t o  t h e  e x t e n t  t h a t  d e p o s i t i o n  b e g i n s  o r  runof f  w a t e r  e n t e r s  a  
w e l l  de f ined  channel  (Smith and Wischmeier, 1957) .  E f f e c t  o f  s l o p e  
l e n g t h  on s o i l  l o s s  i s  p r i m a r i l y  a  r e s u l t  of i n c r e a s e d  p o t e n t i a l  due t o  
g r e a t e r  accumulat ion of runoff  on t h e  l o n g e r  s l o p e s .  

Slope s t e e p n e s s  f a c t o r  S was found by Smith and Wischrneier (1957) 
t o  be a  f u n c t i o n  of a c t u a l  s l o p e  s t e e p n e s s .  Cropping-management f a c t o r  
C was d e f i n e d  a s  t h e  r a t i o  of s o i l  l o s s  from land  cropped under 
s p e c i f i c  c o n d i t i o n s  t o  corresponding l o s s  from t i l l e d ,  c o n t i n u o u s l y  
f a l l o w  ground. The f a c t o r  ranging from approximately  z e r o  t o  1 .0  
depends on t y p e  of v e g e t a t i o n  cover ,  c rop  season ,  and o t h e r  management 
t echn iques .  According t o  Wischrneier and Smith (1965) cont inuous  corn  i s  
63 p e r c e n t  a s  e r o d i b l e  a s  cont inuous  f a l l o w  d u r i n g  t h e  f i r s t  month a f t e r  
s e e d i n g ,  b u t  it i s  o n l y  26 p e r c e n t  a s  e r o d i b l e  a s  f a l l o w  when mature .  

F i g u r e  13-1. S o i l  e r o d i b i l i t y  nomograph used t o  de te rmine  f a c t o r  K 
f o r  s p e c i f i c  t o p s o i l s  o r  s u b s o i l  h o r i z o n s .  S o l u t i o n s  
a r e  i n  t o n s  p e r  a c r e  (from Wischrneier e t  a l - ,  1971).  



Small  g r a i n s  a r e  approximately  50 p e r c e n t  a s  e r o d i b l e  a s  con t inuous  
f a l l o w  d u r i n g  t h e  f i r s t  month a f t e r  s e e d i n g  b u t  a r e  o n l y  abou t  5  p e r c e n t  
a s  e r o d i b l e  n e a r  m a t u r i t y .  Wischmeier and Smith (1965) p r e s e n t e d  a  
t a b l e  t o  show t h e  r e l a t i v e  e r o d i b i l i t i e s  of s e v e r a l  c rops  ( c o r n ,  g r a i n ,  
and g r a s s )  f o r  d i f f e r e n t  crop sequences and y i e l d  l e v e l s  a t  v a r i o u s  
s t a g e s  o f  crop growth.  

E r o s i o n - c o n t r o l  p r a c t i c e  f a c t o r  P accounts  f o r  t h e  e f f e c t  of 
c o n s e r v a t i o n  p r a c t i c e s  such a s  c o n t o u r i n g ,  s t r i p - c r o p p i n g ,  and t e r r a c i n g  
on e r o s i o n .  I t  i s  v a l u a b l e  a s  t h e  r a t i o  of s o i l  l o s s  u s i n g  one of t h e s e  
p r a c t i c e s  t o  t h e  l o s s  u s i n g  s t r a i g h t  row farming up and down t h e  s l o p e .  
T e r r a c i n g  i s  g e n e r a l l y  t h e  most e f f e c t i v e  c o n s e r v a t i o n  p r a c t i c e  f o r  
d e c r e a s i n g  s o i l  e r o s i o n .  

Wischmeier (1972) p r e s e n t e d  a  method i n c l u d i n g  g r a p h i c a l  a i d s  f o r  
de te rmin ing  t h e  cover  and management f a c t o r  (cropping-management f a c t o r ,  
C ) .  The cropping-management f a c t o r  can be  d i v i d e d  i n t o  t h r e e  d i s t i n c t  
t y p e s  of e f f e c t s  a s  f o l l o w s :  Type I - e f f e c t s  of canopy c o v e r ,  Type 
1 1 - e f f e c t s  of mulch o r  c l o s e  growing v e g e t a t i o n  i n  d i r e c t  c o n t a c t  w i t h  
t h e  s o i l  s u r f a c e ,  and Type 1 1 1 - t i l l a g e  and r e s i d u a l  e f f e c t s  o f  t h e  
l and-use .  

Type I-Canopy Cover 

Leaves and branches  t h a t  do n o t  d i r e c t l y  c o n t a c t  t h e  s o i l  a r e  
e f f e c t i v e  on ly  a s  canopy c o v e r .  A canopy can i n t e r c e p t  l a l l i n g  r a i n -  
d rops  b u t  waterdrops  f a l l i n g  from t h e  canopy may r e g a i n  an a p p r e c i a b l e  
v e l o c i L y ,  a l t h o u g h  n o t  t h e  t e r m i n a l  v e l o c i t i e s  of f r e e - f a l l i n g  r a i n -  
d r o p s .  T h e r e f o r e ,  canopy cover  reduces  r a i n f a l l  e r o s i v i t y  by reduc ing  
impact energy a t  t h e  s o i l  s u r f a c e .  Amount of r e d u c t i o n  depends on 
h e i g h t  and d e n s i t y  of t h e  canopy. F i g u r e  13-2 shows t h e  canopy f a c t o r  
a s  a  f u n c t i o n  of h e i g h t  and d e n s i t y  of t h e  canopy. Canopy f a c t o r s  f o r  
v a r i o u s  p e r c e n t a g e s  o f  cover  a t  h e i g h t s  of 0 . 5 ,  1 . 0 ,  2 . 0 ,  and 4.0 meters  
may be  o b t a i n e d  d i r e c t l y  from t h i s  graph.  

Percent Ground Cover b y  t o n o ~ y  

F i g u r e  13-2. I n f l u e n c e  of v e g e t a l  canopy on e f f e c t i v e - E I  ( a f t e r  
Wischmeier, 1972) .  



Type 11-Mulch and Close  Growing Vege ta t ion  - 

A mulch a t  t h e  s o i l  atmosphere i n t e r f a c e  i s  much more e f f e c t i v e  
t h a n  an  e q u i v a l e n t  pe rcen tage  of canopy cover .  Because i n t e r c e p t e d  
r a i n d r o p s  have no remaining f a l l - h e i g h t  t o  t h e  ground, t h e i r  impact on 
t h e  s o i l  s u r f a c e  i s  e l i m i n a t e d .  A mulch t h a t  makes a  good c o n t a c t  w i t h  
t h e  ground a l s o  reduces  runof f  v e l o c i t y  which g r e a t l y  reduces  t h e  
p o t e n t i a l  of runof f  t o  de tach  and t r a n s p o r t  s o i l  m a t e r i a l .  

S u b s t a n t i a l  r a i n u l a t o r  d a t a  a r e  n o t  a v a i l a b l e  on e r o s i o n - r e d u c i n g  
e f f e c t i v e n e s s  o f  v a r i o u s  amounts and t y p e s  of mulches used on cropland 
and c o n s t r u c t i o n  s i t e s .  E x t r a p o l a t i o n  of t h e s e  d a t a  t o  o t h e r  mulches 
and c l o s e  covers  such a s  those  a s s o c i a t e d  w'ith range o r  woodland i s  
f a c i l i t a t e d  by e x p r e s s i n g  them on t h e  b a s i s  of p e r c e n t  s u r f a c e  cover  
r a t h e r  t h a n  t o n s  p e r  a c r e .  Th i s  convers ion ,  and a  p r e l i m i n a r y  summari- 
z a t i o n  o f  d a t a  a r e  r e f l e c t e d  i n  t h e  r e l a t i o n s h i p  curve shown i n  F i g u r e  
13-3. 

Percent o l  So11 Surface Covered by M~lich 

F i g u r e  13-3.  E f f e c t  of p l a n t  r e s i d u e s  o r  close-growing stems . a t  t h e  
s o i l  s u r f a c e  ( a f t e r  Wischrneier, 1972) .  

Type 111-Residual E f f e c t s  of t h e  Land Use 

This  ca tegory  i n c l u d e s  r e s i d u a l  e f f e c t s  of l and  use  on- s o i l  
s t r u c t u r e ,  o r g a n i c  m a t t e r  c o n t e n t  and s o i l  d e n s i t y ,  e f f e c t s  of t i l l a g e  
o r  l a c k  of t i l l a g e  on s u r f a c e  roughness and p o r o s i t y ,  r o o t s  and sub- 
s u r f a c e  s t ems ,  b i o l o g i c a l  e f f e c t s ,  and probably  o t h e r  f a c t o r s .  Th i s  
f a c t o r  can be e v a l u a t e d  from F i g u r e  13-4 by knowing t h e  p e r c e n t  of r o o t  
network i n  t h e  t o p s o i l  r e l a t i v e  t o  a  good r o t a t i o n  meadow. T h i s  p e r c e n t  
of r o o t  network i s  o f t e n  a  d i f f i c u l t  v a l u e  t o  e s t i m a t e .  O v e r a l l  C 
f a c t o r  can b e  e v a l u a t e d  by t h e  p roduc t  of t h r e e  s u b f a c t o r s  i . e . ,  Type I ,  
11,  and TI1 s u b f a c t o r s .  



Root h e l w o r k  In T o p s o ~ l ,  R e l o t ~ v e  l o  Good Rotol ton Meodow 

F i g u r e  13-4. Type I11 e f f e c t s  on u n d i s t u r b e d  l a n d  a r e a s  ( a f t e r  
Wischmeier, 1972).  

Although wide ly  used ,  t h e  USLE approach h a s  some impor tan t  
l i m i t a t i o n s .  U n t i l  r e c e n t l y  t h e  approach was most a p p l i c a b l e  f o r  
e s t i m a t i n g  long term s o i l  y i e l d s .  

Wischrneier (1973) d i s c u s s e d  conf idence  i n  t h e  e q u a t i o n ' s  
p r e d i c t i o n s .  A s  p r e v i o u s l y  i n d i c a t e d ,  some of t h e  terms i n  t h e  s o i l  
l o s s  e q u a t i o n  a r e  themselves f u n c t i o n s  o f  s e v e r a l  s i g n i f i c a n t  pa ramete rs  
and must be  d e r i v e d  by s e p a r a t e  formulas  and s u b r o u t i n e s .  T h e r e f o r e ,  
t h e  complete e q u a t i o n  could  n o t  be d e r i v e d  a s  a  s i n g l e  l e a s t - s q u a r e s  f i t  
t o  t h e  10,000 p l o t - y e a r s  of b a s i c  d a t a  and o v e r a l l  s t a t i s t i c a l  con- 
f i d e n c e  L i m i t s  could  n o t  be  computed by t h e  u s u a l  a n a l y s i s  o f  v a r i a n c e  
t e c h n i q u e .  Wischmeier d i d  o b t a i n  an  i n d i c a t i o n  of conf idence  l imits 
u s i n g  t h e  e q u a t i o n ,  i s o - e r o d e n t  map, E I  d i s t r i b u t i o n  c u r v e s ,  s l o p e  
e f f e c t  c h a r t ,  and s o i l - l o s s  r a t i o  t a b l e  t o  p r e d i c t  long-term average  
annua l  s o i l  l o s s e s  on 189 p l o t s  f o r  which he  had a  t o t a l  of approx i -  
mately  2300 p l o t - y e a r s  of s o i l  l o s s  r e c o r d s .  The 189 i n d i v i d u a l  p l o t  
p r e d i c t i o n s  d e v i a t e d  from cor responding  measured s o i l  l o s s e s  by an  
average  of 1 . 4  t o n s  p e r  a c r e  p e r  y e a r  which i s  approx imate ly  12 p e r c e n t  
of t h e  1 1 . 3 - t o n  o v e r a l l - a v e r a g e  s o i l  l o s s  f o r  t h e  sample.  About 84 
p e r c e n t  o f  t h e  d e v i a t i o n s  were w i t h i n  two t o n s  p e r  y e a r  b u t  t h e  v a r i a n c e  
i n d i c a t e d  t h a t  abou t  f i v e  p e r c e n t  of such p r e d i c t i o n s  may be i n  e r r o r  by 
a s  much a s  4 .6  t o n s  o r  40 p e r c e n t  of t h e  average  s o i l  l o s s  f o r  t h e  
sample p l o t s .  

There  i s  s t r o n g  evidence o f  20- t o  22-year  c y c l e s  i n  r a i n f a l l  
p a t t e r n s .  The i s o - e r o d e n t  map and E I  d i s t r i b u t i o n  curves  were d e r i v e d  
from 22 y e a r s  o f  r a i n f a l l  r e c o r d s  t h a t  r e p r e s e n t  f u l l  c y c l e s  and 
t h e r e f o r e  can be used t o  p r e d i c t  long- term average  l o s s e s .  Thus. t h e  
p r e d i c t e d  v a l u e s  i n  t h e  f o r e g o i n g  comparison a r e  long- t ime averages  
whi le  t h e  a c t u a l  d a t a  w i t h  which t h e y  were compared r e p r e s e n t  s p e c i f i c  
t ime  p e r i o d s  (some a s  s h o r t  a s  f i v e  y e a r s ) .  S i n c e  c y c l i c a l  changes i n  
r a i n f a l l  p a t t e r n s  t end  t o  be g e o g r a p h i c a l l y  widespread and most of 
s h o r t - t e r m  l o c a t i o n a l  s t u d i e s  i n  t h e  sample were approx imate ly  



c o n c u r r e n t ,  t h e  e f f e c t s  o f  d e v i a t i o n s  from long-term average  r a i n f a l l  
and s e a s o n a l  d i s t r i b u t i o n  of e r o s i v e  ra ins to rms  would n o t  have averaged 
o u t .  For  2300 p l o t - y e a r s  i n  t h e  sample,  t h e  e q u a t i o n  o v e r p r e d i c t e d  by 
an average of 0 . 4  t o n  p e r  a c r e  p e r  y e a r .  Of t h e  88 d e v i a t i o n s  of one 
t o n  o r  more 59 were from comparisons r e p r e s e n t i n g  l e s s  t h a n  h a l f  of t h e  
normal r a i n f a l l  c y c l e .  T h e r e f o r e ,  use  of t h e  USLE f o r  s h o r t - t e r m  
comparisons may be  i n  e r r o r .  

Confidence bands on p r e d i c t i o n s  by t h e  e q u a t i o n  a r e  t h e  na r rowes t  
f o r  s i l t ,  s i l t  loam and loam s o i l s ,  uniform s l o p e s  of from f i v e  t o  
twelve p e r c e n t  ( l e n g t h s  n o t  exceeding 400 f e e t ) ,  and c o n s i s t e n t  c rop ing  
systems t h a t  a r e  d i r e c t l y  r e p r e s e n t e d  by l i n e s  i n  t h e  s o i l - l o s s - r a t i o  
graph.  Beyond t h e s e  l i m i t s  s i g n i f i c a n t  e x t r a p o l a t i o n  e r r o r s  become more 
l i k e l y ,  b u t  t h e  p r e d i c t i o n s  a r e  b e l i e v e d  t o  have s u f f i c i e n t  accuracy  f o r  
most a p p l i c a t i o n s  over  a  much wider range of c o n d i t i o n s .  The e q u a t i o n ' s  
accuracy f o r  p r e d i c t i n g  long-term average s o i l  l o s s  f o r  a  g i v e n  s i t u a -  
t i o n  i s  l i m i t e d  by l a c k  of a v a i l a b l e  d a t a  t o  e v a l u a t e  i n d i v i d u a l  terms 
r a t h e r  t h a n  by t h e  model i t s e l f .  T h e r e f o r e ,  o v e r a l l  a t t a i n a b l e  p r e d i c -  
t i o n  accuracy i s  con t inuous ly  improving a s  r e s e a r c h  p r o v i d e s  d a t a  f o r  
a c c u r a t e  e v a l u a t i o n  of t h e  f a c t o r s  over  a  wider  range o f  c o n d i t i o n s .  

The Universa l  S o i l  Loss Equat ion i s  designed t o  p r e d i c t  average 
annual  s o i l  l o s s e s  by s h e e t  and r i l l  e r o s i o n  on upslope a r e a s  such a s  
farml.and and c o n s t r u c t i o n  s i t e s .  I t  can be  h e l p f u l  f o r  p r e d i c t i o n  of 
c o n t r i b u t i o n s  from t h e s e  sources  t o  downstream sediment  l o a d s  b u t  
c a p a b i l i t i e s  and l i m i t a t i o n s  f o r  t h i s  use  must be recognized .  I t  i s  an 
e r o s i o n  e q u a t i o n  and i s  n o t  des igned t o  p r e d i c t  d e p o s i t i o n .  I t s  p r e d i c -  
t i o n s  do n o t  i n c l u d e  sediment c o n t r i b u t i o n s  from g u l l y  e r o s i o n  o r  land-  
s l i d e s ,  and it does n o t  i n c l u d e  f a c t o r s  t o  account  f o r  sediment l o s s e s  
o r  g a i n s  between t h e  f i e l d  and s t ream o r  r e s e r v o i r .  These i tems must be 
e v a l u a t e d  s e p a r a t e l y .  

Another problem w i t h  t h e  USLE o r  o t h e r  t y p e s  of r e g r e s s i o n  models 
i s  t h e  models'  dependence on l a r g e  amounts of d a t a  f o r  development.  As 
previ .ously  mentioned, approximately  10,000 p l o t - y e a r s  of d a t a  from t h e  
c e n t r a l  and e a s t e r n  Uni ted S t a t e s  were used t o  develop t h e  e q u a t i o n .  
However, i n  t h e  semi-a r id  wes t  c o l l e c t i o n  of t h i s  amount o f  d a t a  may 
t a k e  c e n t u r i e s  because  t h e  number of r a i n f a l l  e v e n t s  t h a t  occur  over  an  
a r e a  i n  a y e a r  and t h e  number of d a t a  c o l l e c t i o n  s i t e s  a r e  l i m i t e d  i n  
t h e  west  and most o t h e r  f o r e s t e d  wate r sheds .  I n  a d d i t i o n  t h e  t r e e  
growth i s  a  long  and slow p r o c e s s  and i t s  e f f e c t  on wate r  and sediment 
y i e l d  i s  prolonged.  I t  i s  d i f f i c u l t  t o  c o l l e c t  large amounts o f  d a t a  
f o r  wi ld land  c o n d i t i o n s .  Another drawback t o  r e g r e s s i o n  t y p e  e q u a t i o n s  
a s  p r e v i o u s l y  mentioned, i s  t h e i r  r e l a t i v e  s t a t i o n a r i t y  i n  t ime  and 
space .  I n  o t h e r  words t h e  d a t a  a r e  r e s t r i c t e d  t o  a  c e r t a i n  c o l l e c t i o n  
p e r i o d  a t  s e l e c t e d  l o c a t i o n s  and do n o t  n e c e s s a r i l y  r e p r e s e n t  long term 
v a r i a t i o n s  i n  t h e  system. T h e r e f o r e ,  use  of r e g r e s s i o n  e q u a t i o n s  t o  
p r e d i c t  sediment; y i e l d s  o u t s i d e  t h e  range of t h e  d a t a  b a s e  'can be  
unwarranted.  

13.3 BASIC SEDIMENT ROUTING AND YIELD EQUATIONS 

General  

Sediment y i e l d  from watersheds  i s  governed by g e n e r a l  p h y s i c a l  
p r o c e s s e s .  Governing e q u a t i o n s  and methods of s o l u t i o n  f o r  wa te r  



r o u t i n g  were d i s c u s s e d  i n  t h e  p rev ious  c h a p t e r .  I n  a d d i t i o n  t o  t h e  
c o n t i n u i t y  e q u a t i o n  f o r  wa te r  and t h e  momentum e q u a t i o n ,  a d d i t i o n a l  
e q u a t i o n s  a r e  r e f i n e d  f o r  sediment r o u t i n g .  O f  pr imary i n ~ p o r t a n c e  i s  
t h e  sediment  c o n t i n u i t y  e q u a t i o n  and cor responding  sediment  t r a n s p o r t  
formulae .  Another b a s i c  p r i n c i p l e  i s  t h a t  sediment y i e l d  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  e i t h e r  t r a n s p o r t  o r  supp ly .  I n  g e n e r a l  i f  supp ly  i s  
g r e a t e r  t h a n  t r a n s p o r t  c a p a c i t y ,  t h e  t r a n s p o r t  c a p a c i t y  c o n t r o l s  y i e l d  
and v i c e  v e r s a .  Sediment supp ly  i s  cons idered  t o  develop from r a i n d r o p  
impact detachment and flow detachment and b a s i c  e q u a t i o n s  a r e  a p p l i c a b l e  
t o  over land  and channel  f low.  Another impor tan t  a s p e c t  i s  t h e  u s e  o f  
t h e  sediment c o n t i n u i t y  e q u a t i o n  t o  account  f o r  a g g r a d a t i o n  o r  degrada-  
t i o n  of t h e  l a n d  o r  channel  s u r f a c e .  I n  a l l  models sediment  y i e l d  i s  
cons idered  f o r  i n d i v i d u a l  s i z e  f r a c t i o n s .  

Sediment C o n t i n u i t y  Equa t ion  

The sediment  c o n t i n u i t y  e q u a t i o n  can be expressed  a s  

i n  which 

and G i s  t o t a l  sediment t r a n s p o r t  r a t e  'by volume p e r  u n i t  t i m e ,  C i s  
S sediment  c o n c e n t r a t i o n  by volume, Z i s  dep th  of l o o s e  s o i l ,  A i s  s o i l  

p o r o s i t y ,  and 
gs i s  l a t e r a l  sediment i n f l o w .  

Sediment l o a d  can be  consi.dered f o r  d i f f e r e n t  s i z e s  and t h e  
c o n t i n u i t y  e q u a t i o n  can b e  d i v i d e d  i n t o  N p a r t s  o r  

i n  which i i s  t h e  s i z e  f r a c t i o n  index and N i s  t h e  number of s i z e  
f r a c t i o n s  and 

and 



Sediment T r a n s p o r t  Equat ions  

Sediment t r a n s p o r t  e q u a t i o n s  a r e  used t o  de te rmine  t h e  sediment 
t r a n s p o r t  c a p a c i t y  f o r  a  s p e c i f i c  s e t  of f low c o n d i t i o n s .  D i f f e r e n t  
t r a n s p o r t  c a p a c i t i e s  can be expected f o r  d i f f e r e n t  sediment  s i z e s .  For  
each sedl'ment s i z e ,  t h e  t r a n s p o r t  r a t e  i n c l u d e s  t h e  bedload t r a n s p o r t  
r a t e  and suspended load  t r a n s p o r t  r a t e .  The f o l l o w i n g  e q u a t i o n s  a r e  
adopted t o  determine t h e  sediment t r a n s p o r t  c a p a c i t y  f o r  each s i z e .  

The Meyer-Peter,  Muller e q u a t i o n  a  s imple  and commonly used bedload 
t r a n s p o r t  e q u a t i o n  (USBR, 1960) i s  

i n  which 

I n  Equat ions  13-11 and 13-12 qb i s  t h e  bedload t r a n s p o r t  r a t e  i n  

volume p e r  u n i t  wid th  f o r  a  s p e c i f i c  s i z e  o f  sediment ,  t i s  c r i t i c a l  
t r a c t i v e  f o r c e ,  p i s  d e n s i t y  of w a t e r ,  y i s  s p e c i f i c  wgight of s e d i -  

S .  
ment, y i s  s p e c i f i c  weight  of w a t e r ,  d  1s s i z e  o f  sediment ,  and 6 

S S 

i s  a  c o n s t a n t  dependent on flow c o n d i t i o n s .  G e s s l e r  (1965) showed t h a t  
6 should be 0.047 f o r  most f low c o n d i t i o n s .  I f  r i l l i n g  develops  on 

S 

t h e  over land  flow s u r f a c e ,  t h e  v a l u e  of 6s should be  reduced.  

Although it i s  n o t  necessa ry  t o  use  t h e  Meyer-Peter,  Mul ler  
e q u a t i o n ,  an  e q u a t i o n  should be  chosen t h a t  i s  a p p l i c a b l e  t o  t h e  f i e l d  
c o n d i t i o n s .  According t o  Shen (1971) t h e  g e n e r a l  bedload f u n c t i o n  can 
be expressed  i n  t h e  fo l lowing  f u n c t i o n a l  form of 

i n  which a4 and b4 a r e  c o n s t a n t s .  

Flow d i s c h a r g e  Q and f low a r e a  A a r e  determined by wate r  
r o u t i n g  p rocedures  d e s c r i b e d  i n  t h e  p rev ious  c h a p t e r .  The cor responding  
v a l u e  of 

I0 
i s  computed below. Mean v e l o c i t y  i s  i n  g e n e r a l  

Boundary s h e a r  s t r e s s  a c t i n g  on t h e  g r a i n  i s  

where p i s  d e n s i t y  o f  f lowing w a t e r ,  f o  i s  t h e  Darcy-Weisbach 
f r i c t i o n  f a c t o r ,  KO i s  flow r e s i s t a n c e  r e l a t e d  t o  g r a i n ,  and Nr i s  
t h e  f l o w ' s  Reynolds number. 



The sediment  c o n c e n t r a t i o n  p r o f i l e  t h a t  r e l a t e s  sediment  
c o n c e n t r a t i o n  w i t h  dep th  above t h e  bed ( E i n s t e i n ,  1950) can be  w r i t t e n  
a s  

i n  which C i s  sediment c o n c e n t r a t i o n  a t  d i s t a n c e  from t h e  bed ,  Ca 
i s  t h e  kno& c o n c e n t r a t i o n  a t  a  d i s t a n c e  a t  above t h e  b e d ,  and w i s  
a paramete r  d e f i n e d  a s  

I n  Equa t ion  13-17, Vs i s  t h e  s e t t l i n g  v e l o c i t y  o f  t h e  sediment  p a r t i c l e s  
K is  t h e  von Karman c o n s t a n t  (assumed 0 . 4 ) ,  and U., i s  s h e a r  v e l o c i t y  
of t h e  f low d e f i n e d  a s  

- 

I t  should be  noted t h a t  

1 
t, = 8 f p V  

2 

where f  i s  t h e  o v e r a l l  Darcy-Weisbach r e s i s t a n c e  f a c t o r .  

A l o g a r i t h m i c  v e l o c i - t y  p r o f i l e  i s  commonly adopted t o  d e s c r i b e  
v e l o c i t y  d i s t r i b u t i o n  i n  t u r b u l e n t  f lows .  A u s e f u l  e q u a t i o n  i s  

i n  which u i s  p o i n t  mean v e l o c i t y  a t  d i s t a n c e  < from t h e  bed,  B i s  
a  c o n s t a n t  5 ependent  on roughness ,  and qs i s  roughness h e i g h t .  

The i n t e g r a l  of suspended l o a d  above t h e  a '  l e v e l  i n  t h e  f low i s  
o b t a i n e d  by combining Equa t ions  13-16 and 13-20 o r  

By l e t t i n g  

and 

4 

t h e  e q u a t i o n  becomes 



According t o  E i n s t e i n  (1950) ,  c o n c e n t r a t i o n  n e a r  t h e  "bed l a y e r "  
C i s  r e l a t e d  t o  t h e  bedload t r a n s p o r t  r a t e  qb by e x p r e s s i o n  

a  

i n  which a '  i s  d e f i n e d  a s  t h i c k n e s s  of t h e  bed l a y e r  t h a t  i s  t w i c e  t h e  
s i z e  o f  sediment o r  2ds. 

Average flow v e l o c i t y  V i s  d e f i n e d  

Using Equat ion 13-20 y i e l d s  

E i n s t e i n  (1950) d e f i n e d  t h e  two i n t e g r a l s  i n  Equat ion 13-24 a s  

and 

I n t e g r a l s  I1 and I2 cannot  be i n t e g r a t e d  i n  c l o s e d  form f o r  
most v a l u e s  o f  w s o  numerical  i n t e g r a t i o n  i s  n e c e s s a r y .  An e f f i c i e n t  
numerical  method of de te rmin ing  I1 and I2 was developed by L i  
(1974) .  

S u b s t i t u t i o n  of Equa t ions  13-25, 13-27, 13-28,  and 13-29 i n t o  13-24 
y i e l d s  

T o t a l  load  p e r  u n i t  wid th  of channel  i s  

Equa t ion  13-31 g i v e s .  t o t a l  load  p e r  u n i t  wid th  o f  channe l  f o r  a  
uniform s i z e  of sediment  i n  t h e  bed. When c o n s i d e r i n g  t r a n s p o r t  by 
d i f f e r e n t  sizes and t h e  e n t i r e  wid th  of channe l ,  sediment  t r a n s p o r t  
c a p a c i t y  of t h e  i t h  s i z e  f r a c t i o n  of a sediment mix ture  would be 



i n  which Gci , i s  sediment t r a n s p o r t  c a p a c i t y  f o r  t h e  i t h  s i z e ,  and 

Fa i 
i s  t h e  a d j u s t e d  f r a c t i o n  of t h e  i t h  s i z e  sediment  a s  determined 

i n  t h e  n e x t  s e c t i o n .  

Equa t ions  f o r  Sediment Supply 

Sediment supp ly  r a t e  i s  a n o t h e r  de te rmin ing  f a c t o r  i n  a c t u a l  
sediment  y i e l d .  Simons e t  a l .  (1975) s t a t e d  t h a t  sediment  supp ly  
depends on t h e  i n i t i a l  d e p t h  of l o o s e  s o i l  l e f t  from p r e v i o u s  s t o r m s ,  
t h e  amount of s o i l  detachment by r a i n d r o p  impac t ,  and t h e  amount of s o i l  
detachment by f low.  

Soi.1 Detachment by Raindrop Impact 

Raindrop impact i s  a  p r imary  source  o f  k i n e t i c  energy  f o r  d e t a c h i n g  
s o i l  from any unpro tec ted  l and  s u r f a c e .  E l l i s o n  (1944) made a  compre- 
hens ive  s t u d y  abou t  r a i n d r o p  spJash.  Law and Parson (1943),  Young and 
Wiersma (1973) ,  and Mutchler (1967) g r e a t l y  c o n t r i b u t e d  t o  t h e  s t u d y  on 
detachment by r a i n d r o p  impact .  The conc lus ion  drawn from t h e s e  s t u d i e s  
i s  t h a t  s o i l  detachment i s  a  f u n c t i o n  o f  e r o s i v i t y  o f  r a i n f a l l  and 
e r o d i b i l i t y  of s o i l  p a r t i c l e s .  E r o s i v i t y  i s  d i r e c . t l y  r e l a t e d  t o  t h e  
energy produced by ra indrop  impact and i s  g e n e r a l l y  fo rmula ted  a s  a  
power f u n c t i o n  of r a i n f a l l  i n t e n s i t y ,  d r o p l e t  s i z e ,  cover  c o n d i t i o n ,  and 
t e r m i n a l  v e l o c i t y  o f  t h e  d rop .  More r e c e n t l y ,  C a r t e r  e t  a l .  (1974) 
r e p o r t e d  energy produced by r a i n d r o p  impact i s  a l s o  a  f u n c t i o n  of a i r  
t e m p e r a t u r e ,  season  of t h e  y e a r ,  and s torm d u r a t i o n .  P o t e n t i a l  r a t e  o f  
s o i l  detachment by r a i n d r o p  impact i s  assumed a s  a  power f u n c t i o n  of 
r a i n f a l l  i n t e n s i t y  g iven  by Meyer (1971) o r  

i n  which I i s  r a i n f a l l  i n t e n s i t y ,  a  i s  a  pa ramete r  depending on s o i l  
c h a r a c t e r i s t i c s ,  and b5 i s  a cons5ant  (b5 Z 2 . 0 ,  s e e  Meyer, 1971) .  
The term Zw i s  d e p t h  of wa te r  p l u s  l o o s e  s o i l  d e p t h ,  and Z i s  t h e  
maximum p e n e t r a t i o n  d e p t h  of r a i n d r o p  s p l a s h .  According t o  ~ u t F h l e r  and 
Young (1975),  Zm can be  e q u a l  t o  t h r e e  t i m e s  t h e  median r a i n d r o p  s i z e .  
Median r a i n d r o p  s i z e  i s  o f t e n  expressed  a s  a  power f u n c t i o n  o f  r a i n f a l l  
i n t e n s i t y .  T h e r e f o r e ,  Z can be w r i t t e n  a s  

m 

w i t h  Zm i n  m i l l i m e t e r s .  

Equa t ion  13-33 i s  v a l i d  when Zw i s  l e s s  t h a n  Z . When d e p t h  of 
m 

l o o s e  s o i l s  p l u s  wa te r  dep th  i s  g r e a t e r  t h a n  
Zm, Dr  i s  z e r o  o r  

I f  t r e e  b ranches  a r e  h i g h ,  d rops  from l e a v e s  can r e g a i n  t e r m i n a l  
4 v e l o c i t y  and e r o s i v e  p o t e n t i a l .  However, t h e  u s u a l l y  e x t e n s i v e  ground 



cover under t r e e s  p r o t e c t s  t h e  s u r f a c e .  Canopy cover  d e n s i t y  C i n  
Equat ion 13-33 should be  t h a t  p o r t i o n  t h a t  e f f e c t i v e l y  p r o t e c t s  t h e g s o i l  
s u r f a c e  from ra indrop  impact .  

P o t e n t i a l  r a t e  of l o o s e  s o i l  detachment D i s  expressed  i n  u n i t s  
r 

of dep th  p e r  u n i t  t ime .  Thus, t h e  amount of l o o s e  s o i l  a v a i l a b l e  f o r  
t r a n s p o r t  from r a i n d r o p  s p l a s h  i s  

where 
i 

i s  dep th  of a v a i l a b l e  l o o s e  s o i l  and Fi i s  o r i g i n a l  

pe rcen tage  of sediment s i z e  i n  a  g iven s i z e  f r a c t i o n  i. 

Percen tage  of each s i z e  f r a c t i o n  on t h e  s u r f a c e  changes over  t ime  
due t o  armoring o r  l a g g i n g  of t h e  non-eroded s i z e s .  Water t r a n s p o r t s  
s m a l l e r  sediment s i z e s  more e a s i l y  and l e a v e s  l a r g e r  s i z e  f r a c t i o n s  
behind.  Thus, p e r c e n t a g e s  of s u r f a c e  m a t e r i a l  need ad jus tment  each time 
s t e p .  I f  t o t a l  l o o s e  s o i l  dep th  i s  g r e a t e r  t h a n  D ( t h e  t h i c k n e s s  of 

a  t h e  armor l a y e r ) ,  a d j u s t e d  percen tages  F  . can be w r i t t e n  
a  1 

I f  t o t a l  l o o s e  s o i l  dep th  Z i s  l e s s  t h a n  Da ' t h e n  a d j u s t e d  
percen tages  must account  f o r  t h e  l a y e r  of und is tu rbed  s o i l  t h a t  i s  
d i s t r i b u t e d  accord ing  t o  or i .g ina1 p e r c e n t a g e s  p l u s  1oos.e s o i l  t h a t  
covers  it o r  

1 F . = - [Z. + F. (D - Z)] 
a 1  D 1 1 a  a  

Thickness  of t h e  armor l a y e r  can be  deterwined a s  t h e  maximum s i z e  
of p a r t i c l e s  i n  motion.  I t  i s  u s u a l l y  assumed t h a t  Ds4 ( t h e  s i z e  o f  

sediment f o r  which 84 p e r c e n t  of t h e  sample i s  f i n e r  by weight)  i s  t h e  
r e p r e s e n t a t i v e  s i z e  of t h e  armor l a y e r .  

S o i l  Detachment by S u r f a c e  Runoff 

The amount of s o i l  detached by s u r f a c e  runof f  i s  determined by 
comparing t o t a l  sediment t r a n s p o r t  c a p a c i t y  t o  t o t a l  amount of a v a i l a b l e  
l o o s e  s o i l , .  T o t a l  sediment t r a n s p o r t  c a p a c i t y  i s  

By s u b s t i t u t i n g  t o t a l  sediment t r a n s p o r t  c a p a c i t y  G c  i n t o  t h e  

t r a n s p o r t  r a t e  i n  Equat ion 13-5,  t o t a l  p o t e n t i a l  change i n  l o o s e  s o i l  
can be determined a s  

where A Z ~  i s  change i n  l o o s e  s o i l .  



I f  AzP > - Z ,  l o o s e  s o i l  s t o r a g e  i s  enough f o r  t r a n s p o r t  and no 
detachment of s o i l  by s u r f a c e  runoff  i s  expec ted .  S o i l  i s  de tached  i f  
AZ < - Z  and t h e  amount of detachment i s  

P - 

i n  which D i s  t o t a l  amount of runof f  detached s o i l  and Df i s  d e f i n e d  
a s  a  detachment c o e f f i c i e n t  runof f  w i t h  v a l u e s  rang ing  from 0.0 t o  1 . 0  
depending on s o i l  e r o d i b i l i t y .  A s  an  example i f  t h e  f low were o v e r  a  
nonerod ib le  surface, t h e  v a l u e  f o r  D would be z e r o .  I n  a  r i v e r  where 
t h e  r i v e r b e d  i s  always l o o s e ,  Df woufd h e  u n i t y .  

The new amount o f  l o o s e  s o i l  should  be f u r t h e r  modif ied a s  

i n  which ZTi is t h e  t o t a l  amount f o r  s i z e  f r a c t i o n  i. 

Numerical Procedure  f o r  Sediment Rout ine  

The fo l lowing  numerical  procedure  f o r  sediment r o u t i n g  i s  used t o  
couple  e q u a t i o n s  governing sediment  motion w i t h  t h e  wa te r  r o u t i n g  
procedure  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r .  

sediment t r a n s p o r t  c a p a c i t y  i s  determined by Equa t ion  13-32 . f o r  a  
g iven  sediment s i z e  w i t h  f low c o n d i t i o n s  o b t a i n e d  by w a t e r  r o u t i n g .  
P o t e n t i a l  sediment load  c o n c e n t r a t i o n  f o r  a  g iven  sediment  s i z e  i i s  
t h e n  

Using t h e  same f i n i t e  d i f f e r e n c e  approximat ion a s  t h a t  in.  t h e  water  
r o u t i n g  p rocedure ,  p o t e n t i a l  change i n  l o o s e  s o i l  s t o r a g e  f o r  a  g iven 
sediment s i z e  i s  determined by u t i l i z i n g  Equat ions  13-7 and 13-43. That  
i s  

p  n+l  - [ (C.  1 A .  ~ + 1  -c." ~ Y + ~ ) ( l - b )  + ( c . " + ~  1. An+'-c." ~ ; ) b ]  
l j + l  J 1. 

J j 

where 0 i s  At/&. (13-44) 



Sediment t r a n s p o r t  r a t e  i s  dependent on b o t h  t h e  a v a i l a b l e  supp ly  

of sediment and t r a n s p o r t i n g  c a p a c i t y  of t h e  f low.  I f  A Z ~  > -Z i ,  t h e  
1 - 

a v a i l a b i l i t y  i s  g r e a t e r  t h a n  t h e  t r a n s p o r t i n g  c a p a c i t y .  Consequently,  
t h e  bed m a t e r i a l  load  t r a n s p o r t  r a t e  i s  e q u a l  t o  t h e  t r a n s p o r t i n g  
c a p a c i t y  o r  

and t h e  a c t u a l  change i n  Z; i s  

I f  AZP < - Z i ,  a v a i l a b i l i t y  of m a t e r i a l  i s  l e s s  t h a n  t r a n s p o r t i n g  
1 

c a p a c i t y .  The t r a n s p o r t  r a t e  i s  l i m i t e d  by a v a i l a b i l i t y  of l o o s e  s o i l  
and t h e  bed m a t e r i a l  c o n c e n t r a t i o n  i s  t h e r e f o r e ,  

n+ 1 
C .  

A t  n+ 1 = {(l-A)pZi + 3 [ ( 1 - b )  n+ 1 
gsi + b g s i  

' j+ l  j + 1  j 

and 

A Z .  = z .  
1 1 

Sediment t r a n s p o r t  . r a t e  G i s  determined by s i 

and t h e  amount of l o o s e  s o i l  a v a i l a b l e  a t  t h e  n e x t  t ime  increment  i s  

where k d e s i g n a t e s  t h e  t ime p e r i o d .  If t h e  f i n i t e  d i f f e r e n c e  scheme 
weigh t ing  f a c t o r s  a  and b  a r e  ze ro  t h e  above sediment r o u t i n g  scheme 
becomes i d e n t i c a l  t o  t h a t  r e p o r t e d  by Simons e t  a l .  (1975). The main 
concept  f o r  de te rmin ing  a c t u a l  sediment t r a n s p o r t  r a t e  f o l l o w s  t h e  paper  
by Shen (1971) and i s  d e p i c t e d  i n  F i g u r e  13-5. T h i s  f i g u r e  i n d i c a t e s  
t h a t  a c t u a l  sediment t x a n s p o r t  r a t e  f o r  a p a r t i c l e  s i z e  is  determined by 
t h e  s m a l l e r  of t h e  fo l lowing  two q u a n t i t i e s :  t r a n s p o r t i n g  c a p a c i t y  o r  
t h e  a v a i l a b i l i t y  c o n s i d e r i n g  a l l  sources  of supp ly .  U s u a l l y  t h e  
t r a n s p o r t  r a t e s  o f  s m a l l e r  p a r t i c l e  s i z e  a r e  c o n t r o l l e d  by supp ly  and 
t h e  t r a n s p o r t  r a t e s  f o r  c o a r s e r  p a r t i c l e s  a r e  d i c t a t e d  by t r a n s p o r t i n g  
c a p a c i t i e s .  



The above e q u a t i o n s  i n d i c a t e  t h e  key p h y s i c a l  p r o c e s s e s  t h a t  must 
be cons idered  i n  sediment r o u t i n g  and y i e l d .  I f  models a r e  s i m p l i f i e d  
o r  a l t e r e d  i n  any manner, t h e  g e n e r a l  p h y s i c a l  p r o c e s s e s  remain t h e  same 
e x c e p t  minor ad jus tments  made t o  account  f o r  s i m p l i f y i n g  assumptions  o r  
o t h e r  a l t e r a t i o n s .  The fo l lowing  s e c t i o n s  b r i e f l y  d e s c r i b e  v a r i o u s  
sediment r o u t i n g  and y i e l d  p h y s i c a l  p r o c e s s  models.  S i m i l a r i t i e s  and 
d i f f e r e n c e s  f o r  each model t y p e  a r e  p r e s e n t e d  a long  w i t h  l i m i t e d  
examples. 

Supply o f  Sediment 

from Upslope , qk 

For a F low Discharge 
on a Particular River 

L I 

Sediment Diameter d S  - 

F i g u r e  13-5. Concept of c o n t r o l l i n g  sediment t r a n s p o r t  r a t e s  ( a f t e r  
Shen, 1971) .  

1 3 . 4  MODEL APPLICATION 

The combination of hydro log ic  models such a s  t h o s e  p r e s e n t e d  i n  t h e  
c h a p t e r  on s u r f a c e  wa te r  hydrology and t h e  sediment r o u t i n g  procedure  
form a  s e r i e s  o f  models f o r  p r e d i c t i n g  sediment y i e l d .  Two l e v e l s  of 
r e s o l u t i o n  have been u t i l i z e d .  B r i e f  d e s c r i p t i o n  of approaches  f o l l o w s .  

High R e s o l u t i o n  Model 

Once t h e  watershed has  been numer ica l ly  d e f i n e d  by t h e  segmenta t ion  
p rocedure ,  over land  flow u n i t s  and channel  f low u n i t s  i n  t h e  watershed 
can be determined.  Simons, e t  a l .  (1975) developed a  watershed sediment 
model. t h a t  i s  p r i m a r i l y  a p p l i c a b l e  f o r  s u r f a c e  e r o s i o n  s i m u l a t i o n .  The 
l and  s u r f a c e  hydro log ic  c y c l e ,  sediment p r o d u c t i o n ,  and w a t e r  and s e d i -  
ment movement on smal l  watersheds  a r e  s imula ted .  Concep tua l ly  t h e  
watershed i s  d i v i d e d  i n t o  an over land  flow s e c t i o n  and a  channel  system 
s e c t i o n .  D i f f e r e n t  p h y s i c a l  p r o c e s s e s  a r e  important  f o r  t h e  two d i f f e r -  
e n t  environmen.ts . I n  t h e  over1 and  flow loop p r o c e s s e s  of i n t e r c e p t i o n ,  
e v a p o r a t i o n ,  i n f i l t r a t i o n ,  r a i n d r o p  impact detachment of s o i l ,  e r o s i o n  
by over land  f low,  and over]-and flow wate r  and sediment  r o u t i n g  t o  t h e  
n e a r e s t  channel  a r e  m a t e r i a l  load  movement. The amount o f  s o i l  de tach-  
ment by r a i n d r o p  s p l a s h  i s  assumed t o  be a  s imple  power f u n c t i o n  of 
r a i n f a l l  i n t e n s i t y .  S o i l  detachment by s u r f a c e  runof f  i s  c o n s i d e r e d  a s  
t h e  r e s u l t  of bed m a t e r i a l  load  movement. Local t r a n s p o r t i n g  c a p a c i t y  
of bed m a t e r i a l  load  i s  assumed t o  be a  f u n c t i o n  of l o c a l  e f f e c t i v e  bed 



s h e a r  s t r e s s  and a  combination of Meyer-Peter,  M u l l e r ' s  bed load  
e q u a t i o n  and E i n s t e i n ' s  suspended load  procedure  i s  used f o r  t h e  
sediment t r a n s p o r t  e q u a t i o n .  Wash load  pickup r a t e  i s  formulated t o  be 
a  f u n c t i o n  of bed s h e a r  s t r e s s  and t h e  amount of a v a i l a b l e  l o o s e  s o i l .  
The sediment r o u t i n g  procedure  i s  p r i m a r i l y  based on t h e  c o n t i n u i t y  
e q u a t i o n  f o r  sediment (wash load  and bed m a t e r i a l  l o a d  by s i z e  f r a c t i o n )  
and t h e  computation i s  c a r r i e d  o u t  by a  f i n i t e  d i f f e r e n c e  numerical  
procedure  coupled wi th  t h e  over land s u r f a c e  wa te r  r o u t i n g .  

S i m p l i f i e d  Models 

S i m p l i f i e d  models c o n t a i n  t h e  same p h y s i c a l  p r o c e s s e s  l i s t e d  above 
b u t  t h e s e  model components a r e  a p p l i e d  t o  s u b u n i t s  t h a t  a r e  i n  g e n e r a l  
much l a r g e r  t h a n  t h o s e  of t h e  high r e s o l u t i o n  model. 

Many s u c c e s s f u l  a p p l i c a t i o n s  of t h e  developed models have been 
performed i n c l u d i n g  smal l  exper imenta l  p l o t s ,  smal l  wa te r sheds ,  medium- 
s i z e d  wate r sheds ,  and l a r g e  and mixed wate r sheds .  S e l e c t e d  examples 
fo l low.  

Beaver Creek Watersheds.  Arizona 

Simons, L i  and Stevens  (1975) t e s t e d  a p p l i c a b i l i t y  of t h e  h igh  
r e s o l u t i o n  watershed model on t h e  Beaver Creek Watershed i n  Arizona.  
F ive  runoff  e v e n t s  i n  Experimental  Watershed 1 and one runof f  e v e n t  i n  
Exper imental  Watershed 17 were used .  

Watershed 1 i s  a  smal l  d ra inage  catchment w i t h  an  a r e a  of 313.6  
a c r e s  which has  been c l e a r e d  of t r e e s .  The f i v e  s torm e v e n t s  modeled 
f o r  Watershed 1 occurred on November 22 ,  1965; November 24 ,  1965; 
November 25, 1965; September 6 ,  1967; and September 5 ,  1970. The l a t t e r  
i s  known a s  t h e  Labor Day storm which i s  one of t h e  l a r g e s t  on r e c o r d .  
Watershed 17 has  a n  a r e a  o f  287.4 a c r e s .  The o n l y  s to rm a v a i l a b l e  f o r  
t e s t i n g  i s  t h e  Labor Day s torm.  

Agreement between measured and s imula ted  wate r  hydrographs was 
s a t i s f a c t o r y .  Because t h e r e  was no measured sediment  hydrograph, no 
comparison could be  made. Comparisons of s imula ted  and measured s e d i -  
ment y i e l d s  a r e  g iven  i n  F igure  13-6 which show t h a t  t h e  wa te r  and 
sediment r o u t i n g  model s imula ted  sediment y i e l d  from Watershed 1 and 
Watershed 1 7  w i t h i n  approximately  30 p e r c e n t .  S a t i s f a c t o r y  r e s u l t s  were 
ob ta ined  f o r  d i f f e r e n t  s i z e  s torms and i n  d i f f e r e n t  watersheds  by u s i n g  
on ly  one s e t  of model pa ramete rs .  Th i s  v e r i f i e s  t h a t  t h e  model could  be  
used t o  s y n t h e s i z e  miss ing  d a t a  and p r e d i c t  t h e  response o f  watersheds  
t o  v a r i o u s  t y p e s  of watershed management p r a c t i c e s .  The model could  be 
used t o  e s t i m a t e  f lood  flows and corresponding sediment  y i e l d s  from 
ungaged wate r sheds .  

T r a n s f e r a b i l i t y  of t h e  p h y s i c a l  p r o c e s s  model i s  one o f  i t s  main 
advantages  over  conven t iona l  methods such a s  t h e  UniL Hydrograph and 
Universa l  S o i l  Loss Equa t ion .  The Labor Day s to rm produced approx- 
i m a t e l y  2 .2  t imes  more s u r f a c e  runoff  i n  Watershed 17 t h a n  i n  Watershed 
1 b u t  o n l y  about  0 . 4  t imes  more sediment y i e l d .  There  was more s u r f a c e  
runof f  and l e s s  sediment y i e l d  i n  Watershed 17 because  it i s  l o n g e r  and 
narrower and i t s  average s l o p e  i s  l e s s  t h a n  t h a t  of Watershed 1. 



Measured sed~menl y i e l d ,  Ibs  

F i g u r e  13-6. Comparison o f  measured and s i m u l a t e d  sediment  y i e l d s  
( a f t e r  Simons e t  a l . ,  1975) .  

Computed sediment hydrographs f o r  t h e  l a r g e  Labor Day s to rm and 
f o r  a  s m a l l  s torm (November 22 ,  1965) on Watershed 1 a r e  g iven  i n  
F i g u r e s  13-7 and 13-8. Shapes of sediment  and w a t e r  hydrographs a r e  
s i m i l a r  f o r  t h e  l a r g e  s torm b u t  d i f f e r  f o r  t h e  s m a l l  s torm.  F o r  t h e  
small  s torm t e s t e d ,  t h e  peak of t h e  sediment hydrograph o c c u r s  e a r l i e r  
t h a n  t h e  wa te r  hydrograph peak because  sediment  supp ly  r a t e  i s  g r e a t e r  
i n  t h e  e a r l y  s t a g e  of s u r f a c e  r u n o f f .  T h i s  e f f e c t  i s  n o t  s i g n i f i c a n t  
f o r  a  l a r g e r  s to rm.  
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F i g u r e  13-7. Computed hydrographs f o r  t h e  September 5 ,  1970 s torm on 
Watershed 1 ( a f t e r  Simons e t  a l . ,  1975).  



An impor tan t  t a s k  of watershed management i s  t o  p r e d i c t  r e s u l t s  o f  
s e l e c t e d  t r e a t m e n t  e f f e c t s .  Vege ta t ion  t r e a t m e n t  e f f e c t s  on sediment 
y i e l d s  a r e  e s t i m a t e d  by changing canopy cover  d e n s i t y  and ground cover  
d e n s i t y  of over land  flow u n i t s .  E f f e c t s  of v e g e t a t i o n  t r e a t m e n t  on t h e  
wa te r  and sediment y i e l d s  from Watershed 1 were e v a l u a t e d  based on 
s torms of September 5 ,  1970 and September 6 ,  1967. As shown i n  F i g u r e  
13-9, f o r  a  c o n s t a n t  and und is tu rbed  ground cover  of 65 p e r c e n t ,  
sediment y i e l d  and peak flow r a t e s  and t iming  from t h e s e  two s torms a r e  
i n c r e a s e d  a s  t h e  canopy cover d e n s i t y  i s  d e c r e a s e d .  

900 1000 1100 1230 1300 
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Figure  13-8. Computed hydrographs f o r  t h e  November 22,  1965 s torm on 
Watershed 1 ( a f t e r  Simons e t  a l . ,  1975) .  

Reduction i n  i n t e r c e p t i o n  caused by removing v e g e t a t i o n  r e s u l t s  i n  
an i n c r e a s e  o f  e x c e s s  r a i n f a l l  and ra indrop  s o i l  detachment .  These 
e f f e c t s  a r e  much more pronounced i n  Watershed 1 f o r  t h e  s m a l l e r  s torm 
t h a n  f o r  l a r g e  s to rms .  

I f  a  watershed i s  c l e a r - c u t  and t h e  f o r e s t  l i t t e r ,  s m a l l  b r u s h ,  
g r a s s ,  and rocks  a r e  removed t o  va ry ing  degrees  o r  i f  t h e  ground cover  
i s  s e r i o u s l y  d e s t r o y e d  by a  burn ing  t r e a t m e n t ,  t h e  a s s o c i a t e d  response  
can be e s t i m a t e d  by changing ground cover  d e n s i t y  i n  over land  f low 
u n i t s .  Changes i n  sediment y i e l d s  f o r  Watershed 1 from t h e  s torms of  
September 5 ,  1970 and September 6 ,  1967 a r e  shown i n  F i g u r e  13-10. A s  
ground cover  i s  d e c r e a s e d ,  sediment y i e l d  and peak sediment f low a r e  
i n c r e a s e d  g r e a t l y  and t h e  t ime t o  peak f low i s  shor tened  s l i g h t l y .  
E f f e c t  on wate r  y i e l d  i s  more pronounced f o r  a s m a l l e r  s torm b u t  n e a r l y  
t h e  same e f f e c t s  on sediment y i e l d  a r e  o b t a i n e d  f o r  b o t h  s m a l l  and l a r g e  
s to rms .  

Ground cover  d e n s i t y  i s  an impor tan t  f a c t o r  i n  c o n t r o l l i n g  sediment  
y i e l d s .  I f  a  watershed i s  s u b j e c t e d  t o  c l e a r - c u t  t r e a t m e n t  b u t  t h e r e  i s  
p r o p e r  management o f  ground cover ,  t h e  sediment  y i e l d  may n o t  be 
s i g n i f i c a n t l y  i n c r e a s e d .  
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F i g u r e  13-9. E f f e c t  o f  canopy cover d e n s i t y  on t h e  sediment  hydrograph 
from Watershed 1 ( a f t e r  Simons e t  a l . ,  1975) .  
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F i g u r e  13-10. E f f e c t  o f  ground c o v e r  d e n s i t y  o n  the  s e d i m e n t  y i e l d  from 
Watershed  1 ( a f t e r  Simons e t  a l . ,  1975) .  
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Watershed n e a r  W a t k i n s v i l l e ,  Georgia 

Sediment runof f  d a t a  were n o t  a v a i l a b l e  f o r  Walnut Gulch s o  a n o t h e r  
watershed was used t o  t e s t  t h e  sediment yie1.d p o r t i o n  of t h e  m u l t i p l e  
watershed model. The on ly  watersheds  w i t h  s u f f i c i e n t  sediment  d a t a  
a v a i l a b l e  were two smal l  a g r i c u l t u r a l  wa te r sheds ,  each abou t  t h r e e  a c r e s  
i n  a r e a ,  l o c a t e d  n e a r  W a t k i n s v i l l e ,  Georgia .  S e v e r a l  s torms were used 
t o  c a l i b r a t e  t h e  model on one of t h e  wa te r sheds .  C a l i b r a t e d  paramete rs  
were t h e n  combined w i t h  t h e  a v a i l a b l e  d a t a  f o r  t h e  remaining s torms f o r  
b o t h  wa te r sheds .  Comparison of s imula ted  and measured sediment  y i e l d  
appears  i n  F i g u r e  13-11. 

RECORDED , pounds 

F i g u r e  13-11. Comparison o f  s imula ted  and recorded sediment  y i e l d s  f o r  
W a t k i n s ~ i ~ l e  Georgia Watershed.  



These r e s u l t s  a g a i n  i n d i c a t e  s p a t i a l  and temporal  p r e d i c t i v e  
c a p a b i l i t i e s .  Sediment y i e l d  was e s t i m a t e d  by c o n s i d e r i n g  d i f f e r e n t  
s i z e  f r a c t i o n s .  T h i s  a l s o  p rov ides  u s e f u l  i n f o r m a t i o n  f o r  e s t i m a t i n g  
wate r  p o l l u t a n t s  a t t a c h e d  t o  t h e  sediment .  

1 3 . 5  DATA NEEDS 

Data needed f o r  mathematical  modeling of watershed response  a r e  
dependent on t y p e  of watershed,  o b j e c t i v e  of modeling,  and t y p e  of model 
u t i l i z e d .  Data requirements  summarized h e r e i n  a r e  p r i m a r i l y  f o r  s tudy-  
i n g  major watershed response (wa te r  y i e l d ,  sediment y i e l d ,  and s t ream 
morphology) from smal l  wa te r sheds .  Emphasis i s  p l a c e d  on i n p u t  d a t a  
requirements  o f  t h e  watershed models p r e s e n t e d  i n  t h i s  p a p e r .  

There  a r e  two d i s t i n c t  t y p e s  of d a t a  involved i n  t h e  a n a l y s i s  which 
i n c l u d e  model i n p u t  d a t a  t h a t  a r e  s p e c i f i c a l l y  r e q u i r e d  f o r  t h e  model 
i n p u t  and b a s i c  d a t a  (raw d a t a )  t h a t  a r e  d i r e c t l y  t a k e n  from f i e l d  
measurements. G e n e r a l l y ,  t h e  model i n p u t  d a t a  a r e  ob ta ined  f  roni 
r e t r i e v i n g  and /or  ana lyz ing  t h e  raw d a t a .  Required model i n p u t  d a t a ,  
b a s i c  d a t a ,  and supplementary d a t a  impor tan t  t o  watershed s t u d y  a r e  
summarized i n  s e c t i o n  1 2 . 8  of t h e  p r e v i o u s  c h a p t e r .  

13.6 ESTINATION OF DATA 

I n  a d d i t i o n  t o  t h e  hydro log ic  c h a r a c t e r i s t i c s  o f  t h e  a r e a  a s  
d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r  on s u r f a c e  wa te r  hydrology,  sediment 
in format ion  i s  needed f o r  modeling. Three types  of sediment d a t a  a r e  
r e q u i r e d  t o  model sediment y i e l d .  These a r e  s i z e  a n a l y s i s ,  detachment 
c o e f f i c i e n t s ,  and a  sediment t r a n s p o r t  c o e f f i c i e n t .  

Sediment s i z e  d a t a  should be o n - s i t e  s i z e  d i s t r i b u t i o n s  and 
t r a n s p o r t e d  m a t e r i a l  d i s t r i b u t i o n s .  Use of b o t h  d i s t r i b u t i o n s  a i d s  i n  
model c a l i b r a t i o n  i n  o r d e r  t o  conf i rm t h a t  t h e  model i s  t r a n s p o r t i n g  
c o r r e c t  s i z e  f r a c t i o n s  from c o r r e c t  sediment supp ly .  S i z e  d i s t r i b u t i o n s  
a r e  ob ta ined  from s i e v e  a n a l y s e s  of d u p l i c a t e  samples .  Common s i z e  
breakdowns a r e  g iven  i n  Table  13-1. P a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h e  
i n - s i t u  s o i l  i s  needed t o  determine t h e  r e s u l t a n t  sediment t r a n s p o r t .  
I f  i t  i s  u n a v a i l a b l e ,  an  e s t i m a t e  of t h e  D sedimentq s i z e  i s  needed. 5 0  
Some in format ion  may be a v a i l a b l e  from USDA S o i l  Conserva t ion  S e r v i c e  
Reports  o r  s t a t e  s o i l  su rveys .  T e x t u r a l  c l a s s i f i c a t i o n  i s  one 
rudimentary method f o r  e s t i m a t i n g  a  D sediment s i z e  and a g g r a d a t i o n  
o r  s i z e  d i s t r i b u t i o n .  Th is  requires5Ouse of s c l a y - s i l t - s a n d  c h a r t  
(F igure  13-12) .  E n t e r i n g  t h e  c h a r t  w i t h  a  t e x t u r a l  c l a s s  name, a  p o i n t  
i s  s e l e c t e d  i n  a  c e n t r a l  p a r t  of t h e  c l a s s  name polygon. The c o r r e s -  
ponding p e r c e n t  sand ,  p e r c e n t  s i l t ,  and p e r c e n t  c l a y  v a l u e s  a r e  used t o  
p l o t  a  g r a d a t i o n  curve .  I n  F igure  13-12 s i l t  p e r c e n t  i s  t h e  d i f f e r e n c e  
between 100 p e r c e n t  and t h e  sum of sand and c l a y  p e r c e n t a g e s .  Thc 
p e r c e n t s  a r e  p l o t t e d  a s  100 p e r c e n t  f i n e r  t h a n  2  mm ( c o a r s e  s a n d ) ,  s i l t  
p e r c e n t  p l u s  c l a y  p e r c e n t  f i n e r  t h a n  0 . 0 5  mrn ( s i l t ) ,  and c l a y  p e r c e n t  
f i n e r  t h a n  0 .002 mm ( c l a y ) .  The g r a d a t i o n  curve  c o n s i s t i n g  of t h r e e  
p o i n t s  ( s a n d ,  s i l t ,  and c l a y )  can be d e s c r i b e d  f o r  maLhematica1 purposes  
by Ds0 and G t h e  g r a d a t i o n  c o e f f i c i e n t .  The g r a d a t i o n  coefficient i s  

def ined  a s  



C = Clay 
L = Loam 
S Sand 
S i  = S i l t  
Percent Silt = 100 - (Percent 
Sand Plus Percent. Clay ) 

Percent Sand 

Figure 13-12. Soil textural classification graph for estimating size 
fractions. 



Table  ]3-1. Common s i z e  breakdowns f o r  sand ,  s i l t  and c l a y s .  

S i z e  i n  nun 
Typica l  S o i l  Conservat ion 

Class  Rouse, 1951 S e r v i c e  Repor t ing  

v e r y  c o a r s e  sand 2- 1 
c o a r s e  sand 1- . 5  
medium sand .5 -  .25 
f i n e  sand .25-.  125 
v e r y  f i n e  sand -125-.  062 

c o a r s e  s i l t  .062-.  031 
medium s i l t  .031- .  016 
f i n e  s i l t  .016- .  008 
v e r y  f i n e  s i l t  .008-.  004 

c o a r s e  c l a y  .004- .  002 
medium c l a y  .002-.  001 
f i n e  c l a y  .001-.0005 
very  f i n e  c l a y  .0005-. 0024 

l e s s  than 
.002 

where "84.1  and '15.9 a r e  t h e  s i z e s  a t  which 8 4 . 1  and 15.9  p e r c e n t  

of t h e  sample i s  f i n e r  (Simons and Sent i i rk ,  1977).  For  example when a 
s o i l  i s  c l a s s i f i e d  a s  a c l a y  loam it may be 3 1  p e r c e n t  sand and 32 p e r -  
c e n t  c l a y  which i n d i c a t e s  37 p e r c e n t  s i l t  (F igure  13-12) .  The c o r r e s -  
ponding g r a d a t i o n  curve i s  shown i n  F igure  1 3 - 1 3 . '  A p r a c t i c a l  lower 
limit bel'ow which p a r t i c l e s  a r e  ve ry  smal l  i s  0.00024 mm. T h i s  s i z e  i s  
t h e  lower limit on c l a y  s i z e s  (Simons and Sent i i rk ,  1977) .  I n  t h i s  
example, g r a d a t i o n  i s  e q u a l  t o  8 . 1  ( reasonab le  f o r  wa te r shed)  because  

e q u a l s  0.0014 m m ,  
'50 

e q u a l s  .0097 m m ,  and 
'8.4 1 

e q u a l s  0.09 
$5'9Using t h e  and G v a l u e s ,  a computed gradat1611 curve  can be 
developed a s  shown i n  F igure  13-13. The computed d i s t r i b u t i o n  can be  
found us ing  t h r e e  p o i n t s ,  D15.9 '  '50' and D84.1-  If D50 i s  known 
t h e n  

and 

Comparison o f  s y n t h e t i c  and assumed (from t e x t u r a l  c l a s s i f i c a t i o n )  
d i s t r i b u t i o n s  shows t h a t  t h e  coniputed curve may be o f f  f o r  t h e  s m a l l e r  
and l a r g e r  f r a c t i o n s .  Th i s  d i sc repancy  i s  r easonab le  a s  t h e  t e c h n i q u e s  
a r e  a p p l i c a b l e  t o  s o i l  samples t h a t  have lognormal s i z e  d i s t r i b u t i o n s  
(Simons and S e n t u r k ,  1977).  I f  t h e  sample does n o t  c l o s e l y  fol low such  
a d i s t r i b u t i o n  t h e n  d e v i a t i o n s  a t  t h e  l a r g e  and smal l  s i z e  f r a c t i o n s  may 
be expec ted .  T h e r e f o r e ,  i f  a c t u a l  o r  assumed d i s t r i b u t i o n s  a r e  a v a i l -  
a b l e ,  t h e y  should be used i n  p r e f e r e n c e  t o  t h e  computed t y p e .  I f  a 
computed t y p e  i s  used ,  p o s s i b l e  e r r o r s  must be  recognized .  Although a 
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Figure 13-13.  Assumed and computed s i z e  d i s t r i b u t i o n s  d e r i v e d  
t e x t u r e  c l a s s i f i c a t i o n .  



rough approximat ion,  it does p r o v i d e  a n  i n i t i a l  e s t i m a t e  o f  s i z e  
d i s t r i b u t i o n .  I f  more t h a n  one t e x t u r a l  name i s  used t o  r e p r e s e n t  a  
s o i l  t y p e  t h e n  t h e  c o n s t r u c t e d  g r a d a t i o n  curves  must be composited.  

Once a  s i z e  d i s t r i b u t i o n  has been chosen,  it i s  n e c e s s a r y  and 
d e s i r a b l e  t o  subd iv ide  d i s t r i b u t i o n  i n t o  r e p r e s e n t a t i v e  s i z e  f r a c t i o n s .  
A rough e s t i m a t e  o f  t r a n s p o r t  u s i n g  t h e  

3 0  
s i z e  i s  p o s s i b l e ,  b u t  

because t h e  models a r e  formulated f o r  d i f  e r e n t  s i z e  f r a c t i o n s  more 
i n f o r m a t i o n  i s  gained when m u l t i p l e  s i z e  f r a c t i o n s  a r e  employed. S i z e  
d i s t r i b u t i o n  may be  subdivided i n t o  numerous r e p r e s e n t a t i v e  v a l u e s  ( f i v e  
t o  twenty) t h a t  a r e  o f t e n  employed. For example, i f  t h e  sample i n  t h e  
p rev ious  d i s c u s s i o n  (F igure  13-13) i s  t o  be subd iv ided  i n t o  t e n  r e p r e -  
s e n t a t i v e  f r a c t i o n s  of 10 p e r c e n t  each then  t h e  f o l l o w i n g  computat ions  
a r e  r e q u i r e d .  R e p r e s e n t a t i v e  s i z e  i s  computed a s  

where Di i s  t h e  geometr ic  mean o r  r e p r e s e n t a t i v e  s i z e  o f  t h e  f r a c t i o n ,  

di 
i s  t h e  upper l i m i t  s i z e  of t h e  f r a c t i o n ,  and 

Di- 1 i s  t h e  lower 

l i m i t  s i z e  o f  t h e  f r a c t i o n .  From F i g u r e  13-13 r e p r e s e n t a t i v e  s i z e  f o r  
t h e  DsO f r a c t i o n  of 10 p e r c e n t  ( i . e . ,  

D70 
t o  DsO) i s  0 .062 tnrn 

because D80 i s  0 .075 rnm and 
D70 

i s  0 .052  mm. A s  a  comparison,  t h e  

computed g r a d a t i o n  curve s u g g e s t s  a  v a l u e  o f  0 .042 mm f o r  t h i s  s i z e  
f r a c t i o n  (D = 0 .03  mm and DsO = 0 .06  mm). R e p r e s e n t a t i v e  s i z e  of 

7  0  
0.062 nun i s  used i n  t r a n s p o r t  computations and t h e  s i z e  f r a c t i o n  of 
10 p e r c e n t  i s  used t o  modify t h e  t o t a l  t r a n s p o r t  r a t e .  Although t h i s  i s  
a  r a t h e r  c rude  approach,  it does p rov ide  a method f o r  deve lop ing  u s e f u l  
model i n p u t s  from s p a r s e  d a t a .  Actual  s i e v e  samples o f  t r a n s p o r t e d  
m a t e r i a l s  p rov ide  a  check of t h e  model and assumed i n p u t  d i s t r i b u t i o n  by 
de te rmin ing  i f  t h e  t r a n s p o r t e d  m a t e r i a l  i s  e q u a l  t o  o r  f i n e r  t h a n  t h e  
o n - s i t e  m a t e r i a l .  I f  it i s  n o t ,  an  e x p l a n a t i o n  i s  n e c e s s a r y .  

I n  a d d i t i o n  t o  o n - s i t e  s o i l  samples and s i z e  d i s t r i b u t i o n s ,  o t h e r  
s o i l  in fo rmat ion  i n c l u d e s  s o i l  detachment c o e f f i c i e n t s  f o r  r a i n d r o p  
s p l a s h  and over land  f low.  These two c o e f f i c i e n t s  a r e  used i n  determin-  
i n g  sediment s u p p l y .  Raindrop s p l a s h  and over land  f low detachment 
c o e f f i c i e n t s  a r e  i n i t i a l l y  e s t i m a t e d  b u t  a r e  o f t e n  subsequen t ly  
c a l i b r a t e d .  R a i n f a l l  s p l a s h  detachment c o e f f i c i e n t  a i s  a  f u n c t i o n  
of s o i l  t y p e ,  s o i l  s t r u c t u r e ,  mois tu re  c o n d i t i o n s  and cohes ion .  
Moldenhauer and Long (1964) have s t u d i e d  r a i n d r o p  s p l a s h  detachment 
r e s u l t i n g  from s imula ted  r a i n f a l l  s t r i k i n g  a  s o i l  t a r g e t  7 . 6  c m  i n  
d i a m e t e r .  The amount o f  s o i l  s p l a s h  r e s u l t i n g  from t h e s e  t a r g e t s  h a s  
been r e p l o t t e d  w i t h  r a i n f a l l  i n t e n s i t y  f o r  s e v e r a l  s o i l  t y p e s .  F i g u r e  
13-14 i s  a  r e p l o t t i n g  of t h e  f i t t e d  l i n e s  p r e s e n t e d  by Noldenhauer and 
Long (1964) a s  r e l a t e d  t o  t h e  square  of r a i n f a l l  i n t e n s i t y .  Although 
approximate i n  n a t u r e ,  t h e  cor responding  a  v a l u e s  do a l l o w  a  f i r s t  1 
e s t i m a t e  o f  t h e  ra indrop  s p l a s h  detachment c o e f f i c i e n t  f o r  s e v e r a l  s o i l  
t y p e s .  Values sugges ted  here  a r e  based on o n l y  one exper iment  and 
should b e  used w i t h  caut ior i  a s  o t h e r  i n f l u e n c e s  such a s  cohes ion  may 
d e c r e a s e  t h e s e  val.ues by a  f a c t o r  of 10 o r  even 100. From p r e v i o u s  
e x p e r i e n c e ,  a f a c t o r  of a t  l e a s t  10 i s  recommended f o r  t h e  r e d u c t i o n .  



Figure 13-14. S o i l  detachment r a t e  compared wi th  r a i n f a l l  i n t e n s i t y  squared.  



Because t h e  r a i n d r o p  s p l a s h  detachment c o e f f i c i e n t  i s  u s u a l l y  
i n s e n s i t i v e  i n  t h e  models f o r  many a p p l i c a t i o n s ,  a  v a l u e  of around 0 .001  
i s  o f t e n  adequate  f o r  u s e .  

The runof f  detachment c o e f f i c i e n t  Df i s  a l s o  d i f f i c u l t  t o  

e s t i m a t e  and o f t e n  needs t o  be c a l i b r a t e d .  One t e n t a t i v e  approach f o r  
e s t i m a t i o n  of t h e  D f  va lue  uses  t h e  e r o s i v i t y  index  K from Lhe 
Universa l  S o i l  Loss Equat ion.  Knowing s o i l  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  
p e r c e n t  o r g a n i c  m a t e r i a l ,  s o i l  t e x t u r e ,  and p e r m e a b i l i t y  r a t e ,  K can 
be determined from Figure  13-14. Once K i s  se lecLed a  v a l u e  o f  
can be  e s t i m a t e d  from 13 f 

where D i s  t h e  r e p r e s e n t a t i v e  sediment  s i z e  i n  m i l l i m e t e r .  Th i s  
S t echn ique  i s  most a p p l i c a b l e  when s e v e r a l  sediment s i z e s  a r e  be ing  used 

t o  e s t i m a t e  sediment y i e l d .  I f  on ly  one r e p r e s e n t a t i v e  s i z e  i s  u s e d ,  
t h e  Df v a l u e  should i n c r e a s e  on t h e  o r d e r  o f  3-5 t i m e s .  

An example of t h i s  approach f o r  de te rmin ing  Df can be developed 
from F i g u r e  13-13. I f  D50 of 0.0097 rnm i s  used a s  t h e  r e p r e s e n t a t i v e  
s i z e ,  s i l t  p l u s  v e r y  f i n e  sand i s  about  54 p e r c e n t ,  o r g a n i c  m a t e r i a l  i s  
chosen a t  a  r e a l i s t i c  v a l u e  of two p e r c e n t ,  sand ( .  1-2 mm) is abont  16 
p e r c e n t ,  s o i l  s t r u c t u r e  i s  f i n e  g r a n u l a r ,  and p e r m e a b i l i t y  ( h y d r a u l i c  
c o n d u c t i v i t y )  i s  slow t o  moderate ,  t h e n  t h e  corresponding v a l u e  of K 
from F i g u r e  13-14 i s  about 0 .28.  Th is  y i e l d s  a  Df of  0.00004 which 
may be  i n c r e a s e d  o r  decreased b u t  p rov ides  a  r e a l i s t i c  s t a r t i n g  p o i n t  
f o r  model ad jus tment .  I t  should  be noted t h a t  Dt ranges  from 0  t o  
1, and t h e r e f o r e  i f  D i s  coinputed t o  be  g r e a t e r  han 1 i t  shou ld  be  
reduced t o  1 . O .  The r a s t  c o e f f i c i e n t  needed i n  sediment  t r a n s p o r t  i s  
t h e  d imens ion less  c r i t i c a l  s h e a r  s t r e s s  parameter  6 .  T h i s  c o e f f i c i e n t  
d i c t a t e s  which sediment s i z e s  w i l l  be t r a n s p o r t e d .  Lower 6 v a l u e s  
i n c r e a s e  t r a n s p o r t  o f  l a r g e r ,  p r e v i o u s l y  s t a b l e ,  p a r t i c l e  s i z e s .  Values 
of 6 range between about  0 .01 and 0 . 0 6 .  A good f i r s t  e s t i m a t e  i s  
0.047 ( G e s s l e r ,  1965) .  I f  r i l l i n g  deve lops ,  6 s h o u l d - b e  lower because  
t h e  flow i s  more concen t ra ted  and more e r o s i v e .  The 6 v a l u e  can be 
c a l i b r a t e d  by comparing s imula ted  t r a n s p o r t  m a t e r i a l  s i z e  d i s t r i b u t i o n  
and measured d i s t r i b u t i o n .  The v a l u e  of 6 i s  t h e n  a d j u s t e d  t o  match 
t h e s e  d i s t r i b u t i o n s  a s  c l o s e  a s  p o s s i b l e .  Sometimes it i s  n e c e s s a r y  t o  
subd iv ide  l a r g e r  and s m a l l e r  f r a c t i o n s  of t h e  o n - s i t e  d i s t r i b u t i o n  t o  
p rov ide  a  b e t t e r  f i t .  

I n  a l l  c a s e s  where pa ramete rs  a r e  p r o p e r l y  chosen,  computer 
s i m u l a t i o n  r e s u l t s  w i l l  p rov ide  r e a l i s t i c  e s t i m a t e s  of sediment  y i e l d .  
When f i e l d  d a t a  i.s a v a i l a b l e ,  model parameters  should  be c a l i b r a t e d  
us ing  t h e  observed response .  I n  t h i s  manner t h e  system w i l l  feedback 
and p r o v i d e  t h e  u s e r  w i t h  b e t t e r  f u t u r e  e s t i m a t e s  of i n p u t  p a r a m e t e r s .  

T h i s  c h a p t e r  h a s  p resen ted  c u r r e n t  t e c h n i q u e s  and s e l e c t e d  s p e c i f i c  
models used f o r  e s t i m a t i n g  sediment y i e l d  from wate r sheds ,  s m a l l  s i t e s ,  
and roadways. P h y s i c a l  p rocess  t y p e  models a r e  s t r o n g l y  advocated 



because  t h e y  a r e  respons ive  t o  management a c t i v i t i e s ,  a r e  t r a n s f e r a b l e  
between a r e a s  ( i f  t h e  l i m i t a t i o n s  on each  model a r e  r e s p e c t e d ) ,  and can 
be e a s i l y  updated o r  changed. Although o t h e r  models f o r  d i f f e r e n t  
l e v e l s  of a n a l y s i s  were d i s c u s s e d ,  p h y s i c a l  p r o c e s s  models a r e  more 
u s e f u l  t h a n  r e g r e s s i o n  models f o r  s e v e r a l  r e a s o n s .  However, f u r t h e r  
r e s e a r c h  i s  needed i n  o r d e r  t o  p rov ide  p o t e n t i a l  u s e r s  w i t h  e a s y  t o  
unders tand and a p p l y  methodologies .  
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CHAPTER 14 

STAGE-DISCHARGE RELATIONSHIP 

The b a s i c  h y d r a u l i c  e n g i n e e r i n g  cur r i cu lum d e a l s  w i t h  r i g i d -  
boundary open-channel f low v e r y  w e l l .  Backwater programs a r e  
e x t e n s i v e l y  used i n  r e l a t i n g  h y d r a u l i c  pa ramete rs  such a s  s t a g e ,  
d i s c h a r g e ,  v e l o c i t y ,  r e s i s t a n c e  t o  f low and s l o p e .  The backwater  
a n a l y s i s  works f a i r l y  w e l l  f o r  a  r i g i d  boundary channe l .  From t h i s  t y p e  
of computat ion a  unique s t a g e - d i s c h a r g e  r e l a t i o n s h i p  can be developed 
f o r  a p a r t i c u l a r  l o c a t i o n  a long  a  r i v e r .  Observa t ions  of s t a g e  and 
d i s c h a r g e  a r e  o f t e n  p l o t t e d  and a  unique r e l a t i o n s h i p  i s  o f t e n  developed 
even when a  number of t h e s e  o b s e r v a t i o n s  seem t o  f a l l  some d i s t a n c e  from 
t h e  curve .  R a t i n g  t a b l e s  a r e  t h e  t a b u l a r  e q u i v a l e n t  t o  t h e  s i n g l e - v a l u e  
r a t i n g  c u r v e .  A common e x p l a n a t i o n  f o r  p o i n t s  f a l l i n g  o f f  t h e  curve  i s  
" s c a t t e r "  of d a t a  o r  measurement e r r o r s .  H y p o t h e t i c a l  r a t i n g  c u r v e s  f o r  
b o t h  r ig id -boundary  and a l l u v i a l  channe l s  a r e  shown i n  F i g u r e  14-1.  The 
r ig id-boundary s t a g e - d i s c h a r g e  r e l a t i o n s h i p  can be  v e r y  uniform w i t h o u t  
much s c a t t e r  o r  d i s c o n t i n u i t i e s .  The a l l u v i a l  channe l  r a t i n g  curve  can 
e x h i b i t  a  l a r g e  amount of s c a t t e r  o r  d i s c o n t i n u i t i e s .  

The r e l a t i o n s h i p  between s t a g e  and d i s c h a r g e  i s  u s u a l l y  c a l l e d  a 
d i s c h a r g e  r a t i n g  c u r v e .  I n  g e n e r a l  a  d i s c h a r g e  r a t i n g  curve  i s  develop- 
ed by making s e v e r a l  d i s c h a r g e  measurements and t h e n  p l o t t i n g  t h e  ob- 
s e r v e d  s t a g e  v e r s u s  t h e  measured d i s c h a r g e .  However, e x p e r i e n c e  i n d i -  
c a t e s  t h a t  measurements of s t a g e  and d i s c h a r g e  do n o t  n e c e s s a r i l y  form a  
one-to-one r e l a t i o n s h i p .  I t  i s  d i f f i c u l t  t o  o b t a i n  a  v e r y  meaningful 
d i s c h a r g e  r a t i n g  curve  s imply from a  s t a t i s t i c a l  a n a l y s i s .  

A number of phenomena e x i s t  t h a t  cause  a  s t a g e - d i s c h a r g e  r e l a t i o n  
t o  be non-unique. These phenomena have been d i s c u s s e d  i n  e n g i n e e r i n g  
l i t e r a t u r e  and a r e  reviewed i n  t h i s  c h a p t e r .  

- - 

Discharge (c fs)  Discharge (cfs)  

F i g u r e  14-1. H y p o t h e t i c a l  r a t i n g  curves  f o r  r i g i d  boundary ( a )  
and a l l u v i a l  channe l s  ( b ) .  



The major phenomena t h a t  cause  " s c a t t e r "  o r  d i s c o n t i n u i t i e s  i n  
s t age-d i scharge  r e l a t i o n s  a r e  l i s t e d  below. 

1. Changes i n  a l l u v i a l  bed form (Sinions and Richardson,  1962; 
Dawdy, 1961).  

2 .  Scour o r  f i l l  (Simons e t  a l . ,  1973; Al-Shaik-Ali  e t  a l . ,  
1978) .  

3 .  Var iab le  energy s l o p e  due t o  uns teady ,  nonuniform flow 
(Henderson, 1963, 1966; Fread ,  1973; Simons e t  a l . ,  1977) .  

Other  f a c t o r s  t h a t  can a f f e c t  s t a g e - d i s c h a r g e  r e l a t i o n s ,  such a s  
measurement e r r o r s ,  v e g e t a t i o n ,  i c e ,  backwater ,  overbank s t o r a g e ,  e t c . ,  
do e x i s t ,  b u t  a r e  n o t  d i s c u s s e d  i n  t h i s  c h a p t e r .  Each of t h e  t h r e e  
major t o p i c s  l i s t e d  above i s  d i s c u s s e d  w i t h  r e s p e c t  t o  s t a g e - d i s c h a r g e  
r e l a t i o n s .  Examples and some techn iques  regard ing  t h e  mathemati c a l  
r e p r e s e n t a t i o n  o r  i n t e r p r e t a t i o n  of t h e s e  phenomena a r e  g iven .  

1 4 . 1  THE EFFECT OF ALLUVIAL BEDFORMS ON STAGE-DISCHmGE RELATIONS 

An a l l u v i a l  channel  d i f f e r s  from a  r ig id-houndary channel  i n  t h a t  
t h e  s t ream bed i s  s u b j e c t  t o  movement and changes i n  shape whenever t h e  
s h e a r  s t r e s s  e x e r t e d  by f lowing wate r  i s  s u f f i c i e n t  t o  cause  sediment 
t r a n s p o r t .  Most n a t u r a l  r i v e r s ,  u n l e s s  carved o u t  o f  s o l i d  r o c k ,  a r e  
a l l u v i a l .  Even r i v e r s  w i t h  massive bou lder  beds can be  cons idered  
a l l u v i a l  s t r eams  under some flow c o n d i t i o n s .  

Two regimes of f low a r e  d e f i n e d  when d i s c u s s i n g  bedforms. These 
two regimes a r e  lower regime and upper regime. Lower regime g e n e r a l l y  
occurs  when t h e  s t ream power and v e l o c i t y  a r e  low, and v i c e - v e r s a  f o r  
upper regime. The bedfornis t h a t  develop f o r  lower and upper regime flow 
a r e  l i s t e d  i n  Tab le  14-1 and g r a p h i c a l l y  i l l u s t r a t e d  i n  F i g u r e  14-2. 

Manning's n  i s  a  commonly used r e s i s t a n c e - t o - f l o w  paramete r .  A 
g e n e r a l  r e l a t i o n s h i p  between Manning's n  and bedform i l l u s t r a t e s  t h e  
l a r g e  changes i n  r e s i s t a n c e  t o  f low t h a t  can be exper ienced  i n  a n  a l l u -  
v i a l  r i v e r  (F igure  14-3).  Th i s  change i n  r e s i s t a n c e  t o  £].ow causes  
r e s p e c t i v e  changes i n  v e l o c i t y  and s t a g e .  

During low flow i n  an  a l l u v i a l  s t ream lower regime bedforms such a s  
r i p p l e s  o r  dunes may be p r e s e n t .  As t h e  flow i n c r e a s e s ,  t h e  bedforms 
change t o  upper regime, such a s  p lane  bed o r  a n t i d u n e s .  When t h i s  
o c c u r s ,  t h e  d i s c h a r g e  may i n c r e a s e  s i g n i f i c a n t l y  wi thout  much of an 
i n c r e a s e  i n  s t a g e .  A comparison between a  r i g i d  boundary and a n  a l l u -  
v i a l  s t a g e - d i s c h a r g e  r e l a t i o n  i s  shown i n  F i g u r e  14-4. 

During low flow a  number of r i v e r s  i n  Bangladesh and P a k i s t a n  a r e  
i n  lower regime w i t h  r i p p l e s  and dunes .  When flows i n c r e a s e  s u f f i -  
c i e n t l y ,  t h e  bed beg ins  t o  p l a n e  o u t  and r e s i s t a n c e  t o  f low d r o p s .  Th is  
decrease  i n  Manning's n  on t h e  Padma River  i n  Bangladesh i s  shown i n  
F i g u r e  14-5. A s t a g e - d i s c h a r g e  r e l a t i o n  f o r  t h e  same r i v e r  i s  shown i n  
F igure  14-6 .  These f i g u r e s  demonstra te  t h e  d ramat ic  change i n  Manning's 



Table  14-1.  

Lower Regime Bedforms Upper Regime Bedf orms 

1. P l a n e  bed w i t h o u t  sediment 1. P lane  bed w i t h  sediment  
motion motion 

2 .  R i p p l e s  2 .  S tand ing  waves 

3 .  Dunes w i t h  r i p p l e  superposed 3 .  Antidunes 

4 .  Dunes 4 .  Chutes and poo ls  

5 .  Washed o u t  dunes o r  
t r a n s i t i o n  

A Tv~ ico l  ripple potlern, F((1 E Plono bed, F(1 and d <  0.4 mm 

6 Dunes with ripples superposed. F((1 _--. 

D Wosheboul dunes or transition, F(1 H Antidunes, 1F)l 

Figure  14-2.  Forms of bed roughness i n  a l l u v i a l  channe l s .  
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Figure  14-3. V a r i a t i o n  of Nanning's  n w i t h  changing a l l u v i a l  bedform. 
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Discharge (cfs) 

F i g u r e  14-4. Comparison of r i g i d  boundary and a l l u v i a l  channe l  
s t a g e - d i s c h a r g e  r e l a t i o n s h i p .  



DISCHARGE IN M1LLK)NS OF CFS 

F i g u r e  14-5. Decrease i n  Manning's n w i t h  d i s c h a r g e  f o r  t h e  Padma 
River  i n  Bangladesh (from Simons and S c n t u r k ,  1 9 7 7 ) .  
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F i g u r e  14-6. S tage-d i scharge  r e l a t i o n  f o r  t h e  Padma R i v e r ,  
Bangladesh#(from Simons and S e n t u r k ,  1 9 7 7 ) .  



n  of about  300%. The corresponding change i n  s t a g e  i s  v e r y  s m a l l  even 
though d i s c h a r g e  i n c r e a s e d  from about  150,000 c f s  t o  over  300,000 c f s .  

Examples o f  changing a l l u v i a l  bedform and i t s  e f f e c t  on s t a g e -  
d i s c h a r g e  r e l a t i o n s  a r e  a l s o  common i n  t h e  Uni ted S t a t e s .  Dawdy (1961) 
observed t h a t  t h e  bedform changed from dunes t o  p l a n e  bed i n  many 
s t reams i n  t h e  southwestern  p o r t i o n  of t h e  coun t ry .  Colby (1960) 
recognized a  s i m i l a r  s i t u a t i o n  i n  M i s s i s s i p p i .  The Omaha D i s t r i c t  of 
t h e  Corps of Engineers  (1968) r e p o r t e d  t h a t  t h e  P l i s s i s s i p p i  R iver  has  
changed from dunes t o  p lane  bed w i t h  a  corresponding drop i n  r e s i s t a n c e  
t o  f low and s t a g e  a t  a  c o n s t a n t  d i s c h a r g e  of 33,000 c f s  because  o f  a  20° 
F t o  30' F  d e c r e a s e  i n  wa te r  t empera tu re .  Th i s  d e c r e a s e  i n  wa te r  
t empera tu re  i n c r e a s e d  wate r  v i s c o s i t y ,  changing sediment t r a n s p o r t  
c h a r a c t e r i s t i c s  a s  w e l l  a s  regime of f low.  Beckman and Furness  (1962) 
observed a  Manning's n  of 0 .31  f o r  low flow and 0 . 1 6  f o r  h igh  flow on 
t h e  Elkhorn River  i n  Nebraska.  

14.2  DISCONTINUITIES IN STAGE-DISCHARGE RELATIONS DUE TO REDFORPl CHANGES 

The s t a g e - d i s c h a r g e  r e l a t i o n  g iven  f o r  t h e  Padma R i v e r  ( s e e  F i g u r e  
14-6) i s  a  f a i r l y  smooth curve w i t h  some " s c a t t e r . "  I n  many s t reams  a  
d i s c o n t i n u i t y  i n  t h e  r a t i n g  curve can be d e t e c t e d ,  e s p e c i a l l y  when 
o b s e r v a t i o n s  o f ,bedform a r e  made a t  t h e  t ime of a  d i s c h a r g e  measurement. 
Dawdy (1961) concen t ra ted  on t h e s e  d i s c o n t i n u i t i e s .  Beckman and .Furncss 
(1962) and Colby (1960) a l s o  c o n t r i b u t e d  t o  t h e  unders tand ing  o f  d i s -  
cont inuous  r a t i n g  c u r v e s .  Dawdy (1961) chose t o  show t h e  d i s c o n t i n u i t y  
by r e l a t i n g  h y d r a u l i c  r a d i u s  and v e l o c i t y  i n  t h e  form of a  graph.  
F i g u r e  14-7 reproduces  h i s  g raph ,  showing a  d i s t i n c t  d i s c o n t i n u i t y  on 
t h e  Republ ican River  a t  S t r a t t o n ,  Nebraska.  

I t  i s  r e a d i l y  s e e n  t h a t  a  d i s t i n c t  i n c r e a s e  i n  v e l o c i t y  o c c u r s  a t  a  
h y d r a u l i c  r a d i u s  of about  1 f o o t .  He concludes  t h a t  t h i s  and many o t h e r  
l o c a t i o n s  t h a t  e x h i b i t e d  d i s c o n t i n u i t i e s  were t h e  r e s u l t  o f  changing 
from lower t o  upper regime. 

Beckman and Furness  (1962) show t h e  a c t u a l  d i s c o n t i n u o u s  r a t i n g  
curve f o r  t h e  Elkhorn River  n e a r  Water loo,  Nebraska ( s e e  F i g u r e  14-8) .  
T h e i r  o b s e r v a t i o n s  i n c l u d e  t h e  bedform a t  t h e  time of t h e  d i s c h a r g e  
measurement. Th i s  t y p e  of in fo rmat ion  i s  ex t remely  h e l p f u l  when de- 
ve lop ing  a  r a t i n g  curve .  The f i g u r e  shows t h a t  two curves  should be 
drawn, one f o r  lower regime f low and one f o r  upper regime f low.  The 
o b s e r v a t i o n s  when t h e  bed was i n  a  s t a t e  o f  t r a n s i t i o n  l i e  between t h e  
upper and lower regime c l u s t e r s .  The f a c t  t h a t  b o t h  upper and lower r e -  
gimes, a s  w e l l  a s  t r a n s i t i o n  bed forms,  can e x i s t  a t  t h e  same d i s c h a r g e  
may be due t o  wa te r  t empera tu re  changes a s  no ted  on t h e  N i s s o u r i  R i v e r ,  
o r  o t h e r  f a c t o r s  such a s  suspended load  c o n c e n t r a t i o n s .  

1 4 . 3  HYSTERESIS PHENOPENON I N  STAGE-DISCHARGE RELATIONS DUE TO CHANGING 
BED FORPIS 

Bedform changes a r e  t h e  r e s u l t  of changing s, tresses on t h e  bed due  
t o  some uns teady  n a t x r e  of t h e  f low o r  t empera tu re ,  e t c .  The bed i s  
c o n t i n u a l l y  t r y i n g  t o  reach some e q u i l i b r i u m  s t a t e .  When t h e  h y d r a u l i c  
c o n d i t i o n s  a r e  i n  a  s t a t e  of change,  t h e  corresponding change i n  



F i g u r e  14-7.  

2 4 8 

VELOCITY,  IN F E E T  PER S E C O N D  

R e l a t i o n  o f  v e l o c i t y  t o  h y d r a u l i c  r a d i u s  f o r  Republ ican 
River  a t  S t r a t t o n ,  Nebraska ( a f t e r  Dawdy, 1961) .  

F i g u r e  14-8. R e l a t i o n  of dep th  t o  d i s c h a r g e  f o r  El.khorn River  n e a r  
Water loo,  Nebraska ( a f t e r  Beckman and F u r n e s s ,  1962) .  



bedforms tends  t o  l a g  beh ind .  Th is  t ime l a g  causes  a  h y s t e r e s i s  e f f e c t  
i n  a  s t a g e - d i s c h a r g e  r e l a t i o n  on a  f low e v e n t  by e v e n t  b a s i s .  Sen turk  
(1969) t r i e d  t o  mathemat ica l ly  e x p l a i n  t h e  p r o c e s s  O F  h y s t e r e s i s  e f f e c t s  
i n  bedform changes .  Simons and Richardson (1962) show t h e  h y s t e r e s i s  
e f f e c t  u s i n g  l a b o r a t o r y  d a t a .  Th i s  loop ing  e f f e c t  can be q u i t e  complex 
depending on a  number of c r i t e r i a .  A number of exper iments  were pe r -  
formed cover ing  a  range of flow c o n d i t i o n s .  The r e s u l t s  of s i x  o f  t h e  
d a t a  s e t s  a r e  now b r i e f l y  d i s c u s s e d .  

The f i r s t  exper iment  was i n  lower regime flow w i t h  a median f a l l  
d iameter  of t h e  bed m a t e r i a l  a t  0 . 45  mm. The i n i t i a l .  d i s c h a r g e  was low 
and was i n c r e a s e d  and decreased i n  a  s t epwise  manner, a l l o w i n g  about  45 
minutes of c o n s t a n t  d i s c h a r g e  between each s t e p .  The i n i t i a l  bedforms 
were smal l  dunes w i t h  r i p p l e s  superposed.  A s  t h e  di-scharge was i n -  
c r e a s e d ,  t h e  r i p p l e s  were washed o u t  and l a r g e r  dunes formed. As t h e  
d i scharge  was decreased  t h e  bedforms g r a d u a l l y  r e t u r n e d  t o  t h e  o r i g i n a l  
c o n f i g u r a t i o n .  The dep th  d i s c h a r g e  r e l a t i o n  shows a  s m a l l e r  dep th  on 
t h e  r i s i n g  limb and a l a r g e  dep th  on t h e  f a l l i n g  l imb f o r  t h e  same 
d i scharge  ( s e e  F i g u r e  1 4 - 9 ) .  This  can be exp la ined  by bedform changes 
a s  caused by changes i n  d i s c h a r g e  w i t h  t ime .  As t h e  flow i n c r e a s e d ,  
t h e  roughness i n c r e a s e d  a s  dunes formed. Th is  j -ncrease  i n  roughness ,  
however, d i d  n o t  have t ime t o  f u l l y  develop b e f o r e  d i s c h a r g e  was i n -  
c reased  a g a i n .  I n  o t h e r  words,  on t h e  r i s i n g  l imb t h e  r e s i s t a n c e  was 
s m a l l e r  t h a n  t h e  d e p t h ,  v e l o c i t y ,  e t c .  would b e  under e q u i l i b r i u m  
c o n d i t i o n s  because t h e  bed d i d  n o t  have ti.me t o  f u l l y  reach  a  new 
e q u i l i b r i u m .  

F o r m  of bed roughness 

Q R ipp les  on  dunes 

0 Large dunes 

0 Dunes and residual roughness 

2 
DISCHARGE, 0, IN CUBIC F E E T  PER SECOND 

F i g u r e  1 4 - 9 .  R e l a t i o n  of d e p t h  t o  d i s c h a r g e  f o r  lower f low regime whcn 
channel  s l o p e  i s  c o n s t a n t  ( a f t e r  Simons and Richardson ,  
(1962) .  



The o p p o s i t e  i s  t r u e  on t h e  r e c e s s i o n  limb i n  t h a t  t h e  r e s i s t a n c e  
was l a r g e r  t h a n  t h e  h y d r a u l i c  c o n d i t i o n s  would d i c t a t e ,  c a u s i n g  d e p t h s  
t o  be deeper  t h a n  f o r  e q u i l i b r i u m  c o n d i t i o n s .  The dep th  a t  t h e  end of 
t h e  run  was l a r g e r  t h a n  a t  t h e  beg inn ing  f o r  t h e  same d i s c h a r g e .  A f t e r  
a  few hours  o f  c o n s t a n t  d i s c h a r g e ,  t h e  dep th  decreased  t o  t h e  o r i g i n a l  
v a l u e  . 

The n e x t  r u n  d i d  n o t  u t i l i z e  t a i l g a t e  c o n t r o l  a t  t h e  downstream end 
of t h e  flume s o  t h e  s l o p e  of t h e  energy g r a d i e n t  v a r i e d  w i t h  d i s c h a r g e .  
The median bed m a t e r i a l  d iamete r  was 0 . 2 8  mm. The i n i t i a l  bed roughness 
c o n s i s t e d  o f  r i p p l e s .  With i n c r e a s i n g  d i s c h a r g e  the  bed changed t o  
dunes and t h e n  t o  a  t r a n s i t i o n  s t a t e .  As t h e  d i s c h a r g e  d e c r e a s e d ,  t h e  
bed r e v e r t e d  t o  dunes ,  r i p p l e s  on dunes ,  and f i n a l l y  r i p p l e s  ( s e e  F i g u r e  
14-10).  Again,  t h e  dep th  on t h e  r i s i n g  limb was l e s s  t h a n  t h e  dep th  on 
t h e  r e c e s s i o n  l imb.  Near t h e  h i g h  end of t h e  dep th-d i scharge  r e l a t i o n  
b o t h  t h e  r i s i n g  l imb and r e c e s s i o n  limb a r c  n e a r l y  t h e  same. 

e Large dunes 

Q Dunes and residual roughness 

Ripples cn dunes and residual roughness 

DISCI-IARGE, U, IN CUBIC FEET PER SECOND 

F i g u r e  14-10. R e l a t i o n s  of dep th  t o  d i s c h a r g e  f o r  lower- and 
upper-regime flow when t h e  v a r i a t i o n  of s l o p e  
w i t h  d i s c h a r g e  i s  smal l  ( a f t e r  Simons and 
Richardson,  1962) .  

The run shown i n  F i g u r e  14-11 s t a r t e d  w i t h  s i m i l a r  i n i t i a l  
c o n d i t i o n s ,  b u t  t h e  channel  s l o p e  was s t e e p ,  s o  more upper  regime condi-  
t i o n s  were e x p e r i e n c e d .  As t h e  d i s c h a r g e  i n c r e a s e d  t h e  r e s i s t a n c e  t o  . f low a l s o  i n c r e a s e d  a s  t h e  bed changed t o  l a r g e  dunes .  While s t i l l  on 
t h e  r i s i n g  I.imb, t h e  bed went through t r a n s i t i o n  and on t o  p l a n e  bed 



DISCHARGE, Q, IN CUBIC FEET. PER SECOND 

F i g u r e  14-11. R e l a t i o n  of dep th  t o  d i s c h a r g e  f o r  lower- and upper-regime 
f low when t h e  v a r i a t i o n  o f  s l o p e  w i t h  d i s c h a r g e  i s  moder- 
a t e  ( a f t e r  Simons and Richardson,  1962) .  

wi th  a corresponding d e c r e a s e  i n  d e p t h .  On t h e  r e c e s s i o n  l imb t h e  bed 
went back th rough  t r a n s i t i o n  t o  dunes and r i p p l e s .  The h y s t e r e s i s  loop 
i n  t h i s  c a s e  i s  o p p o s i t e  of t h e  o t h e r s  s i n c e  t h e  dep th  on t h e  r i s i n g  
limb was g r e a t e r  t h a n  on t h e  r e c e s s i o n  l imb.  Th is  d i f f e r e n c e  i s  due t o  
t h e  f a c t  t h a t  r e s i s t a n c e  t o  f low was i n c r e a s i n g  on t h e  r i s i n g  limb a s  
r i p p l e s  w i t h  dunes developing changed t o  l a r g e  dunes .  Before  t h e  r i s i n g  
limb was over  and t h e  bed went p l a n e ,  t h e  r e s i s t a n c e  t o  f low d e c r e a s e d ,  
a s  d i d  t h e  dep th .  The r e s i s t a n c e  t o  f low and t h e  dep th  remained lower 
f o r  t h e  rest of t h e  r e c e s s i o n  l imb.  

The exper iment  shown i n  F i g u r e  14-12 was s i m i l a r  t o  t h e  p r e v i o u s  
one,  excep t  the median bed m a t e r i a l  s i z e  was 0 .45 mm insLead of 0.28 rnm. 
No t a i l g a t e  c o n t r o l  was used .  Dunes were i n i t i a l l y  p r e s e n t  on t h e  bed.  
A s  t h e  d i s c h a r g e  i n c r e a s e d  t h e  bed changed from dunes t o  s t a n d i n g  waves 
and t h e  r e s i s t a n c e  t o  f low and dep th  decreased  s u b s t a n t i a l l y .  Through 
t h e  remainder of t h e  r i s i n g  l imb no major r e s i s t a n c e  t o  f low changes oc- 
c u r r e d  a s  t h e  bed remained i n  upper regime going from s t a n d i n g  waves t o  
p l a n e .  bed.  The bed remained i n  upper regime about  halfway down t h e  
r e c e s s i o n  l imb.  Both t h e  r i s i n g  limb and r e c e s s i o n  l imb were n e a r l y  t h e  
same s i n c e  no major changes i n  r e s i s t a n c e  were encounte red .  F u r t h e r  
down t h e  r e c e s s i o n  l imb dunes began t o  form and t h e  r e s i s t a n c e  began t o  
i n c r e a s e .  The dunes were l a r g e r  on t h e  r e c e s s i o n  limb a t  low f low t h a n  
on t h e  r i s i n g  l imb,  caus ing  t h e  dep th-d i scharge  r e l a t i o n  t o . c r o s s  o v e r  
i t s e l f .  A s  t h e  d i s c h a r g e  decreased  t o  t h e  minimum, t h e  dep th  r e t u r n e d  
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F i g u r e  14-12. R e l a t i o n  of dep th  t o  d i s c h a r g e  f o r  lower- and upper-regime 
flow when t h e  v a r i a t . i o n  o f  s l o p e  w i t h  d i s c h a r g e  i s  l a r g e  
( a f t e r  Simons and Richardson,  1962) .  

t o  t h e  i n i t i a l  dep th  a f t e r  t h e  bedforms changed t o  t h e  i n i t i a l  
c o n f i g u r a t i o n  and l e v e l  of r e s i s t a n c e  t o  f low.  

Another exper iment  was performed t o  show t h e  e f f e c t  o f  a  downstream 
channel  c o n s t r i c t i o n  a t  h i g h  f lows s i m i l a r  t o  t h e  s i t u a t i o n  t h a t  might 
e x i s t  i n  a  channel  upstream of a b r i d g e ,  c u l v e r t  o r  n a t u r a l  c o n s t r i c t i o n  
( s e e  F i g u r e  14-'13). The i n i t i a l  f low i s  r a p i d  w i t h  s t a n d i n g  waves and 
a n t i d u n e s  and low r e s i s t a n c e  t o  f low.  A s  t h e  d i s c h a r g e  i n c r e a s e d ,  t h e  
f low became more t ranqui .1  due t o  t h e  i n c r e a s i n g  i n f l u e n c e  o f  t h e  con- 
s t r i c t i o n  downstream. The bed changed from upper regime t o  r i p p l e s  on 
dunes and t h e n  t o  l a r g e  dunes .  A s  t h e  d i s c h a r g e  d e c r e a s e d ,  l a r g e  
r e s i d u a l  dunes con t inued  f o r  a  t i m e ,  caus ing  t h e  d e p t h  on t h e  r e c e s s i o n  
limb t o  be g r e a t e r  t h a n  on t h e  r i s i n g  l imb f o r  t h e  lower regime bed- 
forms. A s  t h e  d i s c h a r g e s  decreased  towards i n i t i a l .  c o n d i t i o n s ,  t h e  
e f f e c t  o f  t h e  c o n s t r i c t i o n  reduced,  a l lowing  t h e  v e l o c i t y  of f low t o  
i n c r e a s e .  The bed changed back t o  upper regime c o n d i t i o n s  w i t h  t h e  
remainder o f  t h e  r e c e s s i o n  I.imb be ing  t h e  same a s  t h e  r i s i n g  l imbs ,  
s i n c e  r e s i s t a n c e  t o  f low was e s s e n t i a l l y  t h e  same. The dep th-d i scharge  
r e l a t i o n  i n  t h i s  c a s e  i s  p r a c t i c a l l y  t h e  o p p o s i t e  of t h o s e  developed and 
shown i n  F i g u r e s  14-10 and 14-11. .. 



DISCHARGE, Q, IN CUBIC FEET PER SECOND 

F i g u r e  14-13. R e l a t i o n  of dep th  t o  d i s c h a r g e  f o r  upper- and lower-regime 
flow when s l o p e  v a r i e s  i n v e r s e l y  w i t h  d i s c h a r g e  ( a f t e r  
Sin~oris and Reichardson,  1 9 6 2 ) .  



The f i n a l  exper iment  showed t h e  dep th-d i scharge  r e l a t i o n  when on ly  
upper regime flow o c c u r s .  Th i s  i s  shown i n  F i g u r e  14-14. The i n i t i a l  
bedforms were s t a n d i n g  waves and a n t i d u n e s .  As t h e  d i s c h a r g e  i n c r e a s e d ,  
a n t i d u n e s  became s t r o n g e r .  The dep th  d i s c h a r g e  r e l a t i o n  fo l lowed  a n  
a lmost  s t r a i g h t  l i n e  wi thou t  major changes i n  bedform o r  r e s i s t a n c e  t o  
f low f o r  b o t h  t h e  r i s i n g  and r e c e s s i o n  l imbs .  

I I I Form of bed roughness 
0.39 

0 Antidunes 

W 
LL 

€3 Standing woves 

0 . 1  @ Standing woves and 

& 

l i 
DISCHARGE, Q, IN CUBIC FEET PER SECOND 

F i g u r e  14-14. R e l a t i o n  of dep th  t o  d i s c h a r g e  f o r  upper-regime f low 
( a f t e r  Simons and Richardson,  1962) .  

These exper iments  demonstra te  t h a t  t h e  dep th-d i scharge  r e l a t i o n s h i p  
depends on t h e  occur rence  o f  changes i n  bedform which can d r a s t i c a l l y  
change r e s i s t a n c e  t o  f low and dep th  f o r  a  g iven  d i s c h a r g e .  The depth-  
d i s c h a r g e  r e l a t i o n  a l s o  depends on bed-mate r ia l  s i z e  and on t h e  r a t e  of 
change of d i s c h a r g e  w i t h  t i m e .  When t h e  d i s c h a r g e  and h y d r a u l i c  condi-  
t i o n s  a r e  changing f a s t e r  than  cor responding  bedforms s e e k i n g  e q u i l i b -  
riurrl, r e s i d u a l  r e s i s t a n c e  e f f e c t s  cause  d i f f e r e n t  d e p t h s  f o r  t h e  same 
d i s c h a r g e .  Large changes i n  r e s i s t a n c e  t o  f low and dep th  occur  when t h e  
bed changes from lower t o  upper regime o r  v i c e - v e r s a .  When t h e  e n t i r e  
f low o c c u r s  on upper regime bedforms, t h e  d e p t h  d i s c h a r g e  i s  a lmos t  a  
s t r a i g h t  l i n e  wi thou t  much d i f f e r e n c e  on t h e  r i s i n g  and r e c e s s i o n  l imbs .  
Because o f  t h e  u n l i m i t e d  p o s s i b i l i t i e s ,  a n  i n f i n i t e  number of depth-  
d i s c h a r g e  r e l a t i o n s h i p s  i s  p o s s i b l e .  

T h e o r e t i c a l  e x p l a n a t i a n s  of why bedforms e x i s t  o r  f o l l o w  t h e  form 
and changes they  do have been made, b u t  due t o  t h e  complexi ty  o f  t h e  



phenomena, r e s u l t s  a r e  n o t  always a s  good a s  one might hope. S e v e r a l  
a t t e m p t s  have been made t o  p r e d i c t  bedform and p o t e n t i a l  changes.  Such 
work i s  h e l p f u l  i n  e x p l a i n i n g  and p r e d i c t i n g  changes i n  r e s i s t a n c e  t o  
f low due t o  changes i n  a l l u v i a l  bedform. A summary of s e v e r a l  methods 
used i n  p r e d i c t i n g  bedforms, a s  w e l l  a s  methods f o r  p r e d i c t i n g  r e s i s -  
t ance  t o  f low f o r  a l l u v i a l  s t reams where bedform changes a r e  l i k e l y ,  i s  
p r e s e n t e d  i n  Simons and Sen turk  ( 1 9 7 7 ) .  A t r e a t m e n t  o f  t h i s  impor tan t  
s u b j e c t  i s  l e f t  t o  t h e  r e a d e r  due t o  t ime and space  l i m i t a t i o n s .  Appli-  
c a t i o n  o f  t h e s e  p r i n c i p l e s  i s  h e l p f u l  i n  t h e  unders tand ing  and a p p l i c a -  
t i o n  of s t a g e - d i s c h a r g e  r e l a t i o n s .  

1 4 . 4  EFFECT OF GRAVEL, SAND OR SILT TRANSPORT IN DEPTH-DISCHARGE 
RELATIONS OF COBBLE AND BOULDER BED RIVERS 

A paper  by Al-Shaik-Ali e t  a l .  (1978) d i s c u s s e s  t h e  e f f e c t  of 
g r a v e l ,  sand o r  s i l t  t r a n s p o r t  i n  cobble  and bou lder  bed s t reams  on 
r e s i s t a n c e  t o  f low.  An example g iven  i s  o f  t h e  1976 Big Thompson Flood 
i n  Colorado. A h i g h - i n t e n s i t y  thunders torm caused a  f l o o d  of record  on 
t h e  Big Thompson R i v e r .  The e s t i m a t e d  d i s c h a r g e  was more t h a n  t h r e e  
t imes  h i g h e r  t h a n  t h e  p rev ious  record  f l o o d .  The bed m a t e r i a l  of t h e  
r i v e r  i s  smal l  t o  l a r g e  b o u l d e r s .  During t h e  f l o o d  f low c o n d i t i o n s  
v e r i f i e d  t h e  e x i s t e n c e  of a n t l d u n e s  l e a d i n g  t o  t h e  f a c t  t h a t  t h e  bed was 
behaving a s  a  sand bed s t ream w i t h  l a r g e  q u a n t i t i e s  of s m a l l e r - s r z e d  
sediment f lowing over  and through t h e  b o u l d e r s .  

Laboratory  exper iments  were conducted i n  a  smal l  flume t o  
demonstra te  t h e  e f f e c t  of sand i n  a  g r a v e l  bed.  A c o n s t a n t  d i s c h a r g e  
was r e l e a s e d  over  a bed of g r a v e l  i n  a  smal l  flume w i t h  t h e  dep th  being 
moni tored.  For t h e  same d i s c h a r g e  f i n e r  sediment p a r t i c l e s  were fed  
i n t o  t h e  flume s o  t h a t  t h e  g r a v e l  bed was impregnated w i t h  sand .  The 
dep th  dropped by a  f a c t o r  o f  abou t  1 /2  whi le  v e l o c i t y  doubled.  The 
r e s u l t s  a r e  shown s c h e m a t i c a l l y  i n  F i g u r e  14-15. The exper iments  and 
o b s e r v a t i o n s  i n d i c a t e  t h a t  even a  bou lder  bed s t ream can behave a s  a  
sand bed s t ream i n  f lood  e v e n t s  when f i n e r  sediment i s  b e i n g  t r a n s p o r t e d  
i n  l a r g e  q u a n t i t i e s .  Th i s  phenomenon has  a  profound e f f e c t  on t h e  
s t a g e - d i s c h a r g e  r e l a t i o n  t h a t  may have been assumed t o  be an  a lmost  
r i g i d  boundary channe l .  

14 .5  EFFECT OF SCOUR AND FILL ON STAGE-DISCIWKGE ELATIONS 

Scour and f i l l  have an obvious e f f e c t  on s t a g e - d i s c h a r g e  r e l a t i o n s .  
When a  r i v e r  i s  degrading o r  s c o u r i n g  t h e  s t a g e  must d e c r e a s e  f o r  a  
g iven d i s c h a r g e  and when aggrada t ion  occurs  t he  s t a g e  i n c r e a s e s  f o r  a  
g iven d i s c h a r g e .  An a l l u v i a l  channel  may b e  i n  a s t a t e  of apparen t  
c o n t i n u a l  a g g r a d a t i o n  o r  d e g r a d a t i o n ,  b u t  o f t e n  d u r i n g  a  f l o o d  even t  
both  a g g r a d a t i o n  and degrada ta ion  a r e  t a k i n g  p l a c e .  A s  t h e  d i s c h a r g e ,  
v e l o c i t y  and sediment t r a n s p o r t  c a p a c i t y  i n c r e a s e  on t h e  r i s i n g  l imb of 
a  hydrograph, t h e  bed may beg in  t o  s c o u r .  By u s i n g  a  f i x e d  s t a g e -  
d i s c h a r g e  r e l a t i o n ,  one would underes t imate  t h e  amount o f  d i s c h a r g e  due 
t o  t h e  d e c r e a s e  i n  bed e l e v a t i o n .  As t h e  d i s c h a r g e  p a s s e s  t h e  peak and 
d e c l i n e s ,  sediment may beg in  t o  d e p o s i t  on t h e  bed s o  t h a t  t h e  d i s c h a r g e  
could  be overes t imated  by t h e  same s t a g e - d i s c h a r g e  r e l a t i o n .  A s t u d y  by 



( a  Before  Sediment  Feeding 

Channe l  

( b )  A f t e r  Sediment Feeding 

\ Figure 14-15. Schematic i l l u s t r a t i o n  of a rock channel before  and a f t e r  
sediment feeding ( a f t e r  Al-Shaik-Ali e t  a l . ,  1 9 7 8 ) .  



L i  e t  a l .  (1979) demonstra ted t h e  problem t h a t  i s  encountered by 
i g n o r i n g  s c o u r  o r  f i l l  i n  s t a g e - d i s c h a r g e  r e l a t i o n s .  Var ious  t e c h -  
n i q u e s ,  i n c l u d i n g  a  s t a t i s t i c a l  approach,  r i g i d  boundary backwater and a  
sediment r o u t i n g  t e c h n i q u e ,  were a p p l i e d  t o  two reaches  of t h e  Yazoo 
River  i n  M i s s i s s i p p i .  One c a s e  involved a  r e l a t i v e l y  s t a b l e  r e a c h  of 
r i v e r ,  whi le  t h e  o t h e r  was u n s t a b l e .  A l l  t h r e e  models a r e  r e l a t i v e l y  
a c c u r a t e  f o r  t h e  s t a b l e  reach .  However, t h e  sediment r o u t i n g  model t h a t  
c o n s i d e r s  t h e  p h y s i c a l  p r o c e s s e s  of open channel  f low and f l u v i a l  geo- 
morphology i s  t h e  on ly  f e a s i b l e  approach t o  p r e d i c t  t h e  response of an  
a c t i v e  r i v e r .  

Case S t u d i e s  

The Yazoo River  i n  M i s s i s s i p p i  was s e l e c t e d  f o r  skudy due t o  t h e  
a v a i l a b i l i t y  of d a t a  f o r  t h a t  a r e a .  Two reaches  of t h e  r i v e r  were 
c a r e f u l l y  ana lyzed :  a  s t a b l e  reach n e a r  Locopol is  and an u n s t a b l e  reach  
a t  t h e  F o r t  Pemberton c u t o f f  n e a r  Greenwood. H i s t o r i c a l l y ,  t h e  bed e l e -  
v a t i o n  i n  t h e  s t a b l e  r e a c h  has  n o t  changed s u b s t a n t i a l l y .  However, t h e  
bed of t h e  u n s t a b l e  reach  degraded up t o  20 f e e t  d u r i n g  1973 and 1974. 
Th is  d e g r a d a t i o n  was caused by t h e  removal of a  dam i n  t h e  c u t o f f  t h a t  
al lowed a  l a r g e  p o r t i o n  of t h e  Yazoo River  f low t o  bypass t h e  Greenwood 
Bendway. The changing behavior  o f  t h e  r i v e r  d i s c h a r g e  and sediment 
t r a n s p o r t  a t  t h i s  u n s t a b l e  reach  makes p r e d i c t i o n  of f l o o d  s t a g e  from 
d i s c h a r g e  d a t a  d i f f i c u l t .  Th i s  i s  e s p e c i a l l y  t r u e  £or  models t h a t  a r e  
based e n t i r e l y  on h i s t o r i c a l  d a t a  s i n c e  t h e y  cannot  a d j u s t  t o  th,e new 
flow c o n d i t i o n s .  S e l e c t i o n  of t h e s e  two reaches  a l l o w s  e v a l u a t i o n  of 
t h e  r e l i a b i l i t y  of t h e  t h r e e  models. 

D e s c r i n t i o n  of Models 

Stage-Discharge R e l a t i o n s h i p  Model 

The r e l a t i o n s h i p  between s t a g e  and d i s c h a r g e  i s  c a l l e d  a  d i s c h a r g e  
r a t i n g  curve.  Genera l ly ,  a  d i s c h a r g e  r a t i n g  curve i s  o b t a i n e d  by making 
s e v e r a l  d i s c h a r g e  measurements and t h e n  p l o t t i n g  t h e  observed s t a g e  com- 
pared w i t h  t h e  measured d i s c h a r g e .  I n  r e a l i t y ,  exper ience  i n d i c a t e s  
t h a t  measurements of s t a g e  and d i s c h a r g e  do n o t  form a  one-to-one r e l a -  
t i o n s h i p .  Many r i v e r s ,  e s p e c i a l l y  t h o s e  w i t h  a  f l a t t e r  g r a d i e n t ,  d i s -  
p l a y  by h y s t e r e s i s  loop  i n  t h e  s t a g e - d i s c h a r g e  r e l a t i o n s h i p  due i n  p a r t  
t o  dynamic e f f e c t s  and changing bed forms,  Equat ion ( 1 4 - 1 ) .  S i n c e  t h e s e  
r e l a t i o n s h i p s  can normally on ly  be determined us ing  w a t e r  and sediment 
r o u t i n g  models, t h e  fo l lowing  r e l a t i o n  i s  commonly used t o  de te rmine  t h e  
s t a g e  a t  a g iven  l o c a t i o n  a long t h e  r i v e r  from t h e  corresponding 
d i s c h a r g e s  

where q = d i s c h a r g e ,  y  = s t a g e ,  and a' and B '  a r e  t i m e - i n v a r i a n t  
c o e f f i c i e n t s .  The unknown c o e f f i c i e n t s  a' and f3' were e s t i m a t e d  by 
l e a s t - s q u a r e s  r e g r e s s i o n  t echn iques  based on h i s t o r i c a l  r e c o r d s .  



Rig id  Boundary Backwater Model 

A known-discharge model developed 
s t u d y .  C h a r a c t e r i s t i c  f e a t u r e s  of t h i s  

by t h e  a u t h o r s  was used i n  t h i s  
model f o l l o w .  

Known Discharge .  T h i s  model assumes t h a t  d u r i n g  any one t ime  
p e r i o d ,  w a t e r  d i s c h a r g e  i s  c o n s t a n t  a long  a  reach  of r i v e r ,  e x c e p t  where 
l a t e r a l  in f lows  o c c u r ,  i . e . ,  a  s t e a d y  flow i s  assumed. Although a  
model of t h i s  t y p e  cannot  p r e d i c t  t h e  dynamic e f f e c t s  t h a t  an  unsteady 
f low model can ,  it r e q u i r e s  c o n s i d e r a b l y  l e s s  computer t i m e .  Also ,  t h e  
model i s  a b l e  t o  c a l c u l a t e  f l o o d  s t a g e s ,  and p r o v i d e  a  p r a c t i c a l  method 
t o  e v a l u a t e  w a t e r  s u r f a c e  p r o f i l e s  over  long  t i m e  p e r i o d s .  The t i m e  
increments  on t h e  i n p u t  hydrographs v a r y  from a  few hours  t o  a  month o r  
l o n g e r ,  depending on t h e  flow c o n d i t i o n s  and t h e  d e s i r e d  accuracy  o f  t h e  
r e s u l t s .  I n  t h i s  s t u d y ,  a  t ime increment  of one day was used .  

R iver  Geometry. The o n l y  r i v e r  geometry d a t a  r e q u i r e d  by t h e  model 
a r e  d i g i t i z e d  channe l  c r o s s  s e c t i o n s  and t h e  r i v e r  d i s t a n c e  between 
c r o s s  s e c t i o n s .  The model uses  t h e  d i g i t i z e d  channel. c r o s s  s e c t i o n s  t o  
de te rmine  geomet r ic  e q u a t i o n s  t h a t  d e f i n c  conveyance,  w i d t h ,  and a r e a  of 
channel  a s  a  f u n c t i o n  of wa te r  d e p t h .  

Backwater C a l c u l a t i o n s .  The backwater curve  i s  determined by 
s t a r t i n g  a t  a  known downstream wate r  s u r f  ace e l e v a t i o n  and c a l c u l a t i n g  
t h e  upst ream wate r  s u r f a c e  e l e v a t i o n  us ing  a  f i r s t - o r d e r  Newton-Raphson 
approximat ion t o  s o l v e  t h e  t o t a l  head e q u a t i o n  a t  each  s u c c e s s i v e  c r o s s  
s e c t i o n .  For  a r i g i d  boundary model t h e  c r o s s - s e c t i o n a l  shape i s  
assumed t o  be u n a l t e r e d  d u r i n g  t h e  s i m u l a t i o n .  

Sediment Rout ine  Model 

I n  a d d i t i o n ,  a  sediment r o u t i n g  c a p a b i l i t y  i s  added t o  t h e  back- 
wa te r  model d e s c r i b e d  above; a d d i t i o n a l  f e a t u r e s  o f  t h i s  model f o l l o w .  

Uncoupled Rout ing .  Water and sediment  r o u t i n g  a r e  uncoupled,  
making t h e  bed p r o f i l e  c o n s t a n t  dur ing  one t ime  inc rement .  Changes i n  
t h e  bed p r o f i l e  due t o  sediment movement a r e  made a t  t h e  end o f  t h e  t ime 
inc rement .  

Sediment T r a n s p o r t .  - The bed m a t e r i a l  sediment t r a n s p o r t  a t  each 
c r o s s  s e c t i o r ~  was c a l c u l a t e d  u s i n g  a t r a n s p o r t  e q u a t i o n  d e r i v e d  from 
r i v e r  sediment d i s c h a r g e  measurements. 

S i n c e  b o t h  p r o c e s s  models a r e  u s i n g  t h e  same backwater 
c a l c u l a t i o n s ,  any d i f f e r e n c e  i n  r e s u l t s  i s  due s o l e l y  t o  t h e  h i g h e r  
l e v e l  of p h y s i c a l  p r o c e s s e s  modeled c o n s i d e r i n g  sediment  movement. 

C a l i b r a t i o n  of Plodels 

C a l i b r a t i o n  Data 

A l l  t h r e e  models were c a l i b r a t e d  u s i n g  t h e  same d a t a .  I n  t h e  
u n s t a b l e  F o r t  Pemberton r e a c h ,  t h e  c a l i b r a t i o n  p e r i o d  was from A p r i l  12,  . 1973 ,  t o  February  23,  1974 (318 d a y s ) .  I n  t h e  s t a b l e  Locopol is  r e a c h ,  



t h e  c a l i b r a t i o n  p e r i o d  was from January  1, 1971, t o  December 31,  1972 
(731 days ) .  The c a l i b r a t i o n  d a t a  inc luded  observed d i s c h a r g e s  and 
s t a g e s  a t  F o r t  Pemberton and Locopol i s .  The sediment r o u t i n g  model a l s o  
u t i l i z e d  t h e  observed bed e l e v a t i o n s  a t  F o r t  Pemberton. 

Stage-Discharge R e l a t i o n s h i p  

Measured d i s c h a r g e  and observed s t a g e  d a t a  from t h e  two t e s t  
reaches  f o r  t h e  s p e c i f i e d  t imes were used t o  e s t i m a t e  t h e  unknown param- 
e t e r s ,  a '  and $'  , t h a t  minimized t h e  mean-square-error  of t h e  e s t i -  
mates.  Regress ion  c o n s t a n t s  and t h e  c o e f f i c i e n t  c o r r e l a t i o n  R a r e  a s  
fo l lows  : 

Unstab le  reach :  a '  = 1783.7782, $ '  = 0.75383, R = 0.901 

S t a b l e  reach:  a '  = 0.28715,  $ '  = 3.14017, R = 0.991 

I t  i s  c l e a r  t h a t  t h e  s t a g e - d i s c h a r g e  r e l a t i o n s h i p  i s  v e r y  easy  t o  
c a l i b r a t e  and u s e .  

R ig id  Boundary Backwater Plodel 

The r i v e r  s t a g e  computed by t h i s  r i g i d  boundary model was 
c a l i b r a t e d  by a d j u s t i n g  t h e  e s t i m a t e d  channel  roughness c o e f f i c i e n t ,  
Manning's n .  Manning's n  was c a l i b r a t e d  by m u l t i p l y i n g  a  c o n s t a n t  
w i t h  t h e  e s t i m a t e d  n  v a l u e  f o r  t h e  main channel  and overbanks .  The 
model was t h e n  run  w i t h  f low d a t a  from t h e  c a l i b r a t i o n  p e r i o d s  and e r r o r  
between t h e  observed and computed water  s u r f a c e  was de te rmined .  The 
p r o c e s s  was repea ted  w i t h  d i f f e r e n t  v a l u e s  of t h e  c o n s t a n t  u n t i l  no 
reduc t ion  i n  e r r o r  r e s u l t e d .  

Manning's n f o r  t h e  F o r t  Pemberton reach  was determined t o  be 
0.031. A t  t h e  Locopol is  r each  it was necessa ry  t o  a l l o w  Planning's n  
t o  v a r y  w i t h  d i s c h a r g e ,  s i n c e  t h e r e  appeared t o  be l a r g e  d i f f e r e n c e s  i n  
head l o s s  i n  t h e  reach  a t  d i f f e r e n t  f low l e v e l s .  The c a l i b r a t e d  
Manning's n v a r i e s  a s  a  power f u n c t i o n  of d i s c h a r g e ,  and i s  about  
0.018 f o r  t h e  extreme h i g h  f low and approximately  0.040 f o r  t h e  low 
flow. These v a l u e s  a r e  reasonab le  c o n s i d e r i n g  t h e  h y d r a u l i c s  of t h e  
f l u v i a l  system. 

Sediment Rout ing Model 

The sediment r o u t i n g  model was c a l i b r a t e d  a t  Fort. Pemberton by 
a d j u s t i n g  bo th  Manning's n  and sediment inpuL i n t o  t h e  c u t o f f .  S e d i -  
ment i n p u t  had t o  be  c a l c u l a t e d  because  a  w e i r ,  a low submerged dam, i s  
l o c a t e d  a t  t h e  upstream end of t h e  c u t o f f .  T h i s  we i r  t r a p s  sediment 
upstream. Sediment i n p u t  was a d j u s t e d  u n t i l  t h e  computed bed e l e v a t i o n  
a t  f o u r  s e c t i o n s  d i r e c t l y  downstream of t h e  we i r  matched a s  c l o s e l y  a s  
p o s s i b l e  t h e  observed bed changes.  F i g u r e  14-16 shows a  p l o t  of 
observed and computed bed e l e v a t i o n s  a t  t h e  :our l o c a t i o n s .  A s  i n d i -  
c a t e d ,  t h e  computed bed p r o f i l e  f o r  February 23,  1974, c l o s e l y  matches 
t h e  observed bed p r o f i l e .  The c a l i b r a t e d  Manning's n had a  v a l u e  of 
0 .030,  which i s  on ly  3-1/3 p e r c e n t  lower t h a n  t h e  v a l u e  o b t a i n e d  from 
t h e  backwater curve model. 



F i g u r e  14-16. Observed and computed bed e l e v a t i o n  a t  
F o r t  Pemberton (1 f o o t  = 0.305 m). 



I n  t h e  Swan Lake-Locopolis r e a c h ,  t h e r e  was n o t  enough c r o s s -  
s e c t i o n a l  d a t a  t o  c a l i b r a t e  t h e  sediment t r a n s p o r t ;  t h e r e f o r e ,  on ly  
Planning's n was c a l i b r a t e d  wi th  t h e  sediment t r a s p o r t  a t  i t s  normal 
v a l u e .  Again, i n  t h i s  r each  t h e  n  v a l u e  changed o n l y  s l i g h t l y  from 
t h e  backwater model, va ry ing  from 0 .042  a t  low flows t o  0 . 0 2  a t  extreme 
high f lows .  

I n f e r e n c e  can be made from t h e  above d e s c r i p t i o n  t h a t  c a l i b r a t i o n  
of t h e  p h y s i c a l  p r o c e s s  models r e q u i r e s  s i g n i f i c a n t l y  more d a t a  and 
e f f o r t  t o  develop and c a l i b r a t e  t h a n  t h e  s t a t i s t i c a l  s t a g e - d i s c h a r g e  
model. However, once t h e  p h y s i c a l  p rocess  model i s  developed and 
c a l i b r a t e d ,  l e s s  d a t a  a r e  r e q u i r e d  f o r  t h e  a p p l i c a t i o n .  

V e r i f i c a t i o n  of Models 

To v e r i f y  t h e  r e s u l t s  of t h e  c a l i b r a t i o n ,  an  a d d i t i o n a l  run 
u t i l i z i n g  each model w a s  made f o r  each reach u s i n g  t h e  c a l i b r a t i o n  
r e s u l t s .  These runs  were made Eor t h e  p e r i o d s  immediately fo l lowing  t h e  
c a l i b r a t i o n  p e r i o d .  A t  F o r t  Pemberton, t h e  v e r i f i c a t i o n  t ime p e r i o d  
was from February 24,  1974, t o  December 31,  1974 (311 d a y s ) .  A t  
Locopol i s ,  t h e  t ime  p e r i o d  was from January  1 ,  1973, t o  necember 31, 
1974 (730 d a y s ) .  F i g u r e s  14-17 through 14-22 show p l o t s  o f  t h e  measured 
and computed s t a g e  a t  F o r t  Pemberton and Locopol is  f o r  t h e  v e r i f i c a t i o n  
p e r i o d .  

7IHE I N  DAYS FROM 4-12-73 

F i g u r e  14-17. S t a t i s t i c a l  model v e r i f i c a t i o n  a t  F o r t  PernberLon. 
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Figure ,,4-18. Statistical model verification at Locopolis 
(1 foot = 0.305 ni) .  

TIME I N  DAYS FROM 4-12-73 

Figure 14-19. Rigid boundary model verification a t  Fort Pemberton 
(1 foot = 3C5 m). 
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Figure 14-20. Rigid boundary model verification at Locopolis 
(1 foot = 305 m). - 
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Figure 14-21. Sediment routing model verification at Fort Pemberton 
(1 foot = 0.305 m). 



OBSERVED STAGE 
COnPUTED STAGE 

I 

F i g u r e  14-22. Se'diment r o u t i n g  model v e r i f i c a t i o n  a t  Locopol is  
(1 f o o t  = 0.305 m ) .  

Comparison of Nethods 

For  comparison purposes ,  model e r r o r  i s  d e f i n e d  a s  t h e  d i f f e r e n c e  
between .observed and p r e d i c t e d  s t a g e  f o r  each day.  F i g u r e s  14-23 and 
14-24 show t h e  r e l a t i v e  f requency d i s t r i b u t i o n  of e r r o r  f o r  t h e  v e r i f i -  
c a t i o n  p e r i o d s  and Tab le  14-2 l i s t s  t h e  s t a t i s t i c s  of t h e  a b s o l u t e  e r r o r  
f o r  each method. 

As i n d i c a t e d  i n  t h e  f i g u r e s  and t a b l e ,  a l l  t h r e e  methods have 
approx imate ly  t h e  same mean e r r o r  f o r  Locopol i s ,  b u t  t h e  p r o c e s s  models 
have much lower maximum e r r o r s  t h a n  t h e  s t a g e - d i s c h a r g e  s t a t i s t i c a l  
r e l a t i o n s h i p s .  S i n c e  t h e r e  a r e  few channel  changes i n  t h i s  r e a c h ,  t h e  
r e s u l t s  of t h e  two p r o c e s s  models: r i g i d  boundary and movable bed ,  a r e  
e s s e n t i a l l y  t h e  same. A t  F o r t  Pemberton t h e  sedi.ment r o u t i n g  model i s  
c l e a r l y  b e t t e r  t h a n  t h e  s imple  backwater model, assuming a  r i g i d  bound- 
a r y  bed,  and i s  s u p e r i o r  t o  t h e  s t a t i s t i c a l  approach because  t h e  s e d i -  
ment r o u t i n g  model p r e d i c t s  and a d a p t s  t o  changes i n  r i v e r  c o n d i t i o n s  
r e l a t e d  t o  sediment  movement and d e p o s i t i o n .  The s t a g e - d i s c h a r g e  s t a t -  
i s t i c a l  and r i g i d  boundary models, however, a r e  based o n l y  upon l i m i t e d  . h i s t o r i c a l  c o n d i t i o n s  and cannot  a d a p t  t o  a  changing environment .  
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Figure  14-23. Model e r r o r  fequency a t  F o r t  Pemberton (1 f o o t  = 0.305 ni). 
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Figure 14-24. Model error frequency at Locopolis (1 foot = 0.305 111). 



TABLE 14-2  

S t a t i s t i c s  of Absolute  Model E r r o r s  

E r r o r  i n  F e e t  
C a l i b r a t e d  V e r i f i c a t i o n  

Nean Maximum Me a  n Max i m u n i  

S tage-Discharge Plodel 
F o r t  Pemberton 2 . 5 6  1 0 . 3 8  3.47 7 . 2 7  
Locopol i s  0 . 3 3  2 . 5 6  0 . 8 0  5 . 4 8  

Rig id  Boundary Model 
F o r t  Pembcrton 0 . 9 0  3 . 9 7  0 . 9 2  2 . 3 9  
Locopol i s  0 . 2 9  2 .27  0 . 6 2  1 . 9 1  

Sediment Rout ing Model 
F o r t  Pemberton 0 . 8 8  3 . 6 0  0 . 4 5  1 . 7 8  
Locopol i s  0 . 3 4  2 . 1 2  0 . 7 4  2 . 2 1  

Computer c e n t r a l  p r o c e s s o r  t imes  on t h e  Cyber 172 a t  Colorado S t a t e  
U n i v e r s i t y ,  r e q u i r e d  f o r  one run  on b o t h  t e s t  r e a c h e s ,  were 1 0 ,  140 and 
240 seconds f o r  t h e  s t a g e - d i s c h a r g e ,  backwater ,  and sediment  r o u t i n g  
models,  r e s p e c t i v e l y .  While t h e  s t a g e - d i s c h a r g e  model needed t o  be run  
once,  t h e  p r o c e s s  models r e q u i r e d  s e v e r a l  runs  t o  c a l i b r a t e .  

Another s t u d y  was p r e s e n t e d  by Simons e t  a l .  . (1973)  on r i v e r s  i n  
Venezuela.  A s i g n i f i c a n t  amount o f  d e v i a t i o n s  i n  s t a g e - d i s c h a r g e  r e l a -  
t i o n s  were observed .  These d e v i a t i o n s  were a t . t r i b u t e d  t o  changes i n  bed 
e l e v a t i o n  due t o  s c o u r  o r  f i l l ,  changes i n  energy g r a d e l i n e  s l o p e  and 
l a g s  i n  bedform roughness .  Data i n d i c a t e d  t h a t  a  s h i f t  cu rve  a p p l i e d  t o  
a  s i n g l e  va lued  r e f e r e n c e  r a t i n g  curve  could  be  used t o  reduce e r r o r s  i n  
e s t i m a t i n g  d i s c h a r g e  from s t a g e  measurements. The s h i f t  cu rve  was 
developed a s  a  f u n c t i o n  of peak d i s c h a r g e  and t ime  a f t e r  t h e  peak .  

1 4 . 6  DYNAMIC EFFECTS ON STAGE-DISCHARGE RELATIONS DUE TO UNSTEADY, 
NONUNIFORM FLOW I N  BOTH R I G I D  AND ALLUVIAL CIIANNELS 

A h y s t e r e s i s  loop ing  e f f e c t  i n  s t a g e - d i s c h a r g e  r e l a t i o n s  i s  a l s o  
caused by dynamic e i l e c t s .  A c c e l e r a t i o n s  i n  t h e  uns teady ,  nonuniform 
f low change t h e  f r i c t i o n  s l o p e  s o  t h a t  on t.he r i s i n g  l imb of a  hydro- 
graph t h e  f r i c t i o n  s l o p e  i s  g r e a t e r  than  t h e  bed s l o p e  and dep th  i s  l e s s  
t h a n  f o r  s t e a d y  f low,  whi le  t h e  o p p o s i t e  i s  t r u e  of t h e  r e c e s s i o n  l imb.  
F i g u r e  14-25 shows t h i s  e f f e c t  on a  h y p o t h e t i c a l  r i v e r .  

The l i t e r a t u r e  o f f e r s  v a r i o u s  documentatioh and mathemat ical  
\ 

e x p l a n a t i o n s  of t h i s  phenomenon ( s e e  Henderson, 1 9 6 3 ,  1966 ;  F r e a d ,  1973 ; 
and Simons, 1 9 7 7 ) .  Data 'showing t h i s  l o o p i n g  e f f e c t  was p r e s e n t e d  by 
Fread on t h e  M i s s i s s i p p i  River  and was used by Simons i n  showing how a  
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Figure  14-25. S tage-d i scharge  r e l a t i o n  w i t h  dynainic e f f e c t s .  

s o l u t i o n  of t h e  f u l l  dynamic momentum equa t ion  can account  f o r  t h e  
h y s t e r e s i s  loop i n  s t a g e - d i s c h a r g e  r e l a t i o n s .  

14.7  SOLUTION OF T I E  FULL DYNAPlIC PIOPKNTUM EQUATION TO DESCRIBE THE 
STAGE-DISCHARGE RELATION 

The f u l l  dynamic momentum e q u a t i o n  can be w r i t t e n  a s  ( s e e  
Henderson, 1966) 

i n  which S i s  t h e  f r i c t i o n  s l o p e ,  S  i s  t h e  channel  bed s l o p e ,  y 
0 i s  t h e  d e p t 6  of f low,  x i s  t h e  downstream d i s t a n c e ,  g  i s  t h e  g r a v i -  

t a t i o n a l  a c c e l e r a t i o n ,  A i s  t h e  c r o s s - s e c t i o n a l  a r e a  of f low,  Q i s  
t h e  d i s c h a r g e ,  and t i s  t h e  t ime.  Each term of Equa t ion  14-2 can be 
solved i n  terms of t h e  known i n p u t  hydrograph. 

14 .8  CONVERSION FROM DISCHARGE TO STAGE 

When a  d i s c h a r g e  hydrograph i s  known, o f t e n  t h e  s t a g e  hydrograph i s  
d e s i r e d .  One may wish t o  know how high t h e  wa te r  w i l l  r i s e  d u r i n g  a  
f l o o d .  For  t h i s  c a s e  a model i s  formulated t o  c o n v e r t  a s i n g l e  d i s -  
charge hydrograph t o  t h e  c o r r e s p o n d i ~ l g  s t a g e  hydrograph c o n s i d e r i n g  
dynamic e f f e c t s .  

The Planning's e q u a t i o n  i s  used t o  r e l a t e  d i s c h a r g e  t o  h y d r a u l i c  
pa ramete rs .  



The h y d r a u l i c  r a d i u s ,  R , i s  d e f i n e d  a s  A/P i n  which P i s  t h e  
we t ted  p e r i m e t e r .  The wet ted p e r i m e t e r  can be w r i t t e n  a s  a  power func-  
t i o n  of f low a r e a  

i n  which a  and b l  a r e  c o n s t a n t s .  T h e r e f o r e ,  Manning's e q u a t i o n  may 
1 

be w r i t t e n  a s  

Of ten  Manning's n  v a r i e s  wi th  d i s c h a r g e  and can b e  w r i t t e n  i n  a  power 
r e l a  t i o n  

Next,  each  of t h e  terms i n  Equat ion 14-2 a r e  expressed  i n  terms o f  t h e  
known i n p u t  hydrograph.  

The w a t e r  s u r f a c e  s l o p e  ay/ax may be determined a s  f o l l o w s .  The 
d e p t h  of f low can be  expressed  a s  a  power f u n c t i o n  o f  t h e  f low a r e a  

i n  which a  and b4 a r e  c o n s t a n t s .  4 

By t a k i n g  t h e  p a r t i a l  d e r i v a t i v e  of Equat ion 14-8 w i t h  r e s p e c t  t o  x 
one o b t a i n s  

An e x p r e s s i o n  f o r  aA/ax i s  found by t a k i n g  t h e  p a r t i a l  d e r i v a t i v e  o f  
Equa t ion  14-6 w i t h  r e s p e c t  t o  x .  



Next, t h e  term aQ/ax i s  expressed  i n  terms of t h e  i n p u t  d i s c h a r g e  
hydrograph through t h e  c o n t i n u i t y  e q u a t i o n  f o r  t h e  c a s e  of no l a t e r a l  
in f low o r  ou t f low ( s e e  Chow, 1959) .  

The p a r t i a l  d e r i v a t i v e  of t h e  f low a r e  w i t h  r e s p e c t  t o  t ime  i s  
determined u s i n g  Equat ion 14-6.  

aQ - -1 /2 )3 /  (5-2b1) a x - -  a t -  (Sf 

This  e x p r e s s i o n  i s  now s u b s t i t u t e d  i n t o  Equa t ion  14-10 which i s  t h e n  
r e l a t e d  t o  t h e  wa te r  s u r f a c e  s l o p e  u s i n g  Equat ion 14-9. The r e s u l t a n t  
e x p r e s s i o n  f o r  t h e  wa te r  s u r f a c e  s l o p e  i s  

The n e x t  term i n  t h e  f u l l  dynamic momentum e q u a t i o n  (Equat ion 14-2) t o  

be found i s  t h e  convec t ive  a c c e l e r a t i o n  term,  l /(gA) a ~ ~ / ~ / a x .  Using 
2 

Equat ion 14-5 an  e x p r e s s i o n  f o r  aQ /A/ax i s  d e r i v e d .  

The term aA/ax i s  g iven  i n  Equat ion 14-10. 

From Equa t ion  14-11 on o b t a i n s  

The term aA/at i s  found by t a k i n g  t h e  p a r t i a l  d e r i v a t i v e  of Equat ion 
14-6 w i t h  r e s p e c t  t o  t ime .  



S u b s t i t u t i o n  of Equa t ion  14-16 i n t o  Equa t ion  14-15 and t h e n  s u b s t i t u t i o n  
of t h e  r e s u l t i n g  e x p r e s s i o n  i n t o  Equat ion 14-10 and f i n a 1 . l ~  s u b s t i t u t i o n  
of t h i s  r e s u l t  i n t o  Equat ion 14-14 g i v e s  t h e  d e s i r e d  e q u a t i o n  

The f i n a l  term of t h e  f u l l  dynamic momentum e q u a t i o n  i s  t h e  l o c a l  
a c c e l e r a t i o n ,  aQ/at .  T h i s  term i s  known s i n c e  t h e  i n p u t  hydrograph 
Q ( o , t )  i s  g i v e n .  

Express ions  f o r  a l l  of  t h e  terms i n  t h e  f u l l  dynamic momentum e q u a t i o n ,  
Equa t ion  14-2, have been der ived  and a r e  s u b s t i t u t e d  i n t o  Equat ion 14-2. 

Before  Equat ion 14-20 can be so lved  f o r  S f ,  t h e  a r e a  term i n  t h e  f a c t o r  

l / (gA) and i n  t h e  wa te r  s u r f a c e  sl-ope term a r e  conver ted  t o  d i s c h a r g e  
through Equa t ion  14-6. 

Th is  e q u a t i o n  can be  so lved  by t h e  w e l l  known Newton-Raphson t e c h n i q u e .  



Once t h e  f r i c t i o n  s l o p e  has been determined t h e  dep th  may be 
r e l a t e d  t o  t h e  known d i s c h a r g e .  F i r s t ,  t h e  f low a r e a  i s  c a l c u l a t e d  from 
t h e  d i s c h a r g e  by Equa t ion  14-6 and t h e n  t h e  dep th  of f low i s  r e l a t e d  t o  
t h e  c r o s s - s e c t i o n a l  a r e a  of f low by a  power f u n c t i o n  g iven  i n  Equa t ion  
14-8. 

1 4 . 9  CONVERSION FROM STAGE TO DISCHARGE 

Genera l ly  t h e  s t a g e  hydrograph i s  known and t h e  cor responding  
d i scharge  hydrograph i s  d e s i r e d .  A method i s  shown below f o r  c o n v e r t i n g  
a  s t a g e  hydrograph t o  t h e  corresponding d i s c h a r g e  hydrograph w i t h  dynamic 
e f f e c t s .  The fo rmula t ion  i s  s i m i l a r  t o  t h e  p r e v i o u s  s e c t i o n .  The known 
i n p u t  i s  now y  expressed a s  a  f u n c t i o n  of t ime and hence t h e  p a r t i a l  

d e r i v a t i v e  of y  w i t h  r e s p e c t  t o  t ime i s  9 " 4 Again each term i n  a t  - at . 
t h e  f u l l  dynamic momentum e q u a t i o n  i s  expressed  a s  a  f u n c t i o n  o f  t h e  
known i n p u t s .  

Using Equat ion 14-8,  and assuming l a t e r a l  in f low i s  z e r o ,  t h e  
c o n t i n u i t y  e q u a t i o n  may be w r i t t e n  a s  (Note:  ( 1  - 1  does n o t  e q u a l  
1 m 4 - 1 ) ) .  

4  

By t a k i n g  t.he p a r t i a l  d e r i v a t i v e  of Equat ion 14-5 w i t h  r e s p e c t  t o  x  
and u t i l i z i n g  Equat ion 14-8 

The e x p r e s s i o n  i s  t h e n  s u b s t i t u t e d  i n t o  t h e  c o n t i n u i t y  e q u a t i o n ,  
Equat ion 14-22 y i e l d i n g  

Next, t h e  convec t ive  a c c e l e r a t i o n  term ( l /gA e) i s  p u t  i n  terms o f  

2 
aQ '* was d e f i n e d  i n  Equat ion 14-14. of t h e  known i n p u t  d a t a .  The term - ax 

The term aA/ax can be r e l a t e d  t o  t h e  wa te r  s u r f a c e  s l o p e  

The wate r  s u r f a c e  s l o p e  was p r e v i o u s l y  d e r i v e d  i n  Equa t ion  14-24. T h i s  
e x p r e s s i o n  i s  then  s u b s t i t u t e d  i n t o  Equa t ion  14-25 which i s  i n  t u r n  sub- 
s t i t u t e d  i n t o  Equa t ion  14-14. 



The l o c a l  a c c e l e r a t i o n  term i s  determined by t a k i n g  t h e  p a r t i a l  d e r i v a -  
t i v e  of Equa t ion  14-5 w i t h  r e s p e c t  t o  t ime and u s i n g  Equa t ion  1 4 - 8 .  

Again,  t h e  e x p r e s s i o n s  d e s c r i b i n g  t h e  wa te r  s u r f a c e  s l o p e  and l o c a l  and 
convec t ive  a c c e l e r a t i o n s  a r e  s u b s t i t u t e d  i n t o  t h e  f u l l  dynamic momentum 
e q u a t i o n ,  Equa t ion  14-2.  The terms i n v o l v i n g  A a r e  conver ted  t o  y  
th rough  Equa t ion  14-8.  

A f t e r  m u l t i p l y i n g  s , ' /~  and l e t t i n g  z2 = ' S ,  one o b t a i n s  a  c u b i c  
e q u a t i o n .  L I 



This  e q u a t i o n  may be so lved  u s i n g  a  r o u t i n e  which s o l v e s  a  t h i r d  o r d e r  
polynomial .  The v a l u e  ob ta ined  f o r  Z i s  t h e n  squared i n  o r d e r  t o  
determine t h e  f r i c t i o n  s l o p e ,  

S f .  

Once t h e  f r i c t i o n  s l o p e  has been determined and knowing t h e  dept.h, 
t h e  cor responding  v a l u e  f o r  d i s c h a r g e  can be c a l c u l a t e d .  The f low a r e a  
i s  c a l c u l a t e d  u s i n g  Equat ion 14-8 and t h e  d i s c h a r g e  i s  c a l c u l a t e d  u s i n g  
Equat ion 14-5. 

14.10 TEST RESULTS OF DYNAMIC STAGE-DISCItARGE RELATION 

111 o r d e r  t o  v a l i d a t e  t h e  model an  observed s t a g e  hydrograph i s  read  
i n t o  t h e  model t o  c a l c u l a t e  a  d i s c h a r g e  hydrograph which i s  t h e n  checked 
a g a i n s t  observed d i s c h a r g e s .  Fread (1973) gave d a t a  of th i . s  type and 
two s e t s  of d a t a  a r e  run through t h e  model developed i n  t h i s  p a p e r .  

F i g u r e  14-26 shows an obskrved s t a g e  hydrograph on t h e  M i s s i s s i p p i  
River  a t  Red River  Landing which i s  i n p u t  t o  t h e  model. The s imula ted  
d i s c h a r g e  hydrograph i s  compared t o  t h e  observed d i s c h a r g e  hydrograph i n  
F i g u r e  14-27. The s imula ted  and observed s t a g e - d i s c h a r g e  r e l a t i o n  i s  
shown i n  F i g u r e  14-28. For t h e  r i s i n g  limb of a  floodwave t h e  f r i c t i o n  
s l o p e  i s  l a r g e r  t h a n  t h e  bedslope and hence t h e  cor responding  s t a g e s  a r e  
s m a l l e r .  During t h e  f a l l i n g  limb of a  floodwave ' t h e  f r i c t i o n  s l o p e  i s  
s m a l l e r  t h a n  t h e  bedslope and hence t h e  corresponding s t a g e s  a r e  l a r g e r .  
This  h y s t e r e s i s  loop i s  due t o  dynamic e f f e c t s .  Also ,  shown i n  F i g u r e  
14-26 i s  t h e  s imula ted  s t a g e  hydrograph which u s e s  t h e  simu.lated 
d i s c h a r g e  hydrograph a s  i n p u t .  Thus t h e  a p p l i c a b i l i t y  o f  b o t h  t h e  s t a g e  
t o  d i s c h a r g e  model and t h e  d i s c h a r g e  t o  s t a g e  model i s  e s t a b l i s h e d .  

A s t a g e  hydrograph on t h e  I ' l i ss iss ippi  R iver  a t  T a r b e r t  Landing was 
used a s  i n p u t  t o  t h e  model a s  f u r t h e r  v e r i f i c a t i o n .  F i g u r e  14-29 shows 
t h e  comparison of s imula ted  and observed d i s c h a r g e  hydrographs .  F i g u r e  
14-30 shows t h a t  t h e  comparison of s imula ted  and observed d a t a  a g r e e  
c l o s e l y .  

4 .11  CONCLUSIONS 

Some of t h e  major phenomena a f f e c t i n g  s t a g e - d i s c h a r g e  r e l a t i o n s  
have been d i s c u s s e d .  These i n c l u d e  a l l u v i a l  bed form changes ,  s c o u r  and 
f i l l  and dynamic e f f e c t s  due t o  uns teady ,  nonuniform f low.  Sometimes a  
unique,  s i n g l e - v a l u e  r a t i n g  curve can be developed f o r  r i . g i d  boundary 
channe l s .  IIowever, dynamic e f f e c t s  can cause  a  h y s t e r e s i s  loop i n  t h e  
s t a g e - d i s c h a r g e  r e l a t i o n .  The r e l a t i v e  s t r e n g t h  o f  dynamic e f f e c t s  a r e  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  bedslope and d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
r a t e  of r i s e  o r  f a l l  of  t h e  s t a g e  o r  d i s c h a r g e .  A mathemat ical  t p o l  was 
p r e s e n t e d  based on t h e  f u l l  dynamic momentum e q u a t i o n  t h a t  accounts  f o r  
t h i s  phenomenon. The dynamic e f f e c t s  a l s o  p l a y  a  r o l e  i n  a l l u v i a l  
boundary s t a g e  d i s c h a r g e  r e l a t i o n s .  

The e f f e c t  of a l l u v i a l  bed form changes can produce d i s c o n t i n u i t y  
i n  a  s t a g e  d i s c h a r g e  r e l a t i o n .  The d i s c o n t i n u i t y  u s u a l l y  a p p e a r s  when 
t h e  streambed changes from lower t o  upper regime and r e s i s t a n c e  t o  f low 
d e c r e a s e s  markedly.  H y s t e r e s i s  looping i s  a l s o  encounte red  due t o  a  l a g  
i n  bed form roughness response t o  changing h y d r a u l i c  c o n d i t i o n s .  An 
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F i g u r e  14-26.  S t a g e  hydrograph, 
M i s s i s s i p p i  River  a t  
Red River Landing,  LA 
(3/11/63-5/13/63) .  
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F i g u r e  14-27.  Discharge  hydrograph 
f o r  M i s s i s s i p p i  R i v e r ,  
Red R i v e r  Landing,  LA. 
(31 11/63-5/ 13/63].  
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F i g u r e  14-28. S tage-d i scharge  r e l a t i o n  f o r  M i s s i s s i p p i  R i v e r ,  
Red River Landing,  LA (3/11/63-5/13/63) .  
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F i g u r e  14-30. S tage-d i scharge  r e l a t i o n  f o r  M i s s i s s i p p i  River, 
T a r b e r t  Landing,  LA ( 2 1 9 1 6 6 - 4 / 1 1 / 6 6 ) .  



i n v e s t i g a t i o n  of a l l u v i a l  bed form p r e d i c t i o n  methods and cor responding  
r e s i s t a n c e  t o  f low a n a l y s i s  i s  recommended t o  t h e  r e a d e r .  

Scour and f i l l  changes s t a g e  d i s c h a r g e  r e l a t i o n s  by changing t h e  
bed e l e v a t i o n  of t h e  s t ream.  Sediment t r a n s p o r t  t e c h n i q u e s  a r e  r e q u i r e d  
t o  b e s t  e v a l u a t e  s t a g e - d i s c h a r g e  r e l a t i o n s  f o r  s t reams  where bed 
e l e v a t i o n  changes a r e  s i g n i f i c a n t .  

The r e s i s t a n c e  t o  f low and wate r  d e p t h  over  a  bou lder  bed s t ream 
can be  s i g n i f i c a n t l y  reduced due t o  t h e  t r a n s p o r t  o f  l a r g e  q u a n t i t i e s  o f  
s i l t  and sand changing t h e  bed t o  upper regime flow c o n d i t i o n s  a t  h i g h  
f lows .  Discharge e s t i m a t i o n  from a  p r e v i o u s l y  developed s t a g e - d i s c h a r g e  
r e l a t i o n  can have a  s i g n i f i c a n t l y  high r a t e  o f  e r r o r  under t h e s e  condi-  
t i o n s .  

U n f o r t u n a t e l y  a  combination of a l l  t h e s e  phenomena i s  p o s s i b l e  and 
i s  l i k e l y  t o  some e x t e n t  i n  a l l  a l l u v i a l  r i v e r s .  Even a p p a r e n t  r i g i d  
boundary channe l s  can be s u b j e c t  t o  t h e s e  phenomena when c o n d i t i o n s  
d i c t a t e .  The r e l a t i o n s h i p  between s t a g e  and d i s c h a r g e  i s  h i g h l y  complex 
and r e q u i r e s  a  thorough unders tand ing  of h y d r a u l i c s  and sediment  
p r i n c i p l e s  t o  avo id  s i g n i f i c a n t  e r r o r s .  Tools  a r e  a v a i l a b l e  t o  a i d  i n  
t h e  unders tand ing  and a p p l i c a t i o n  of t h e s e  p r o c e s s e s  on s t a g e - d i s c h a r g e  
r e l a t i o n s .  
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CHAPTER 15 

RESERVOIR SEDlNBNTATION 

Through t h e  mid 2 0 t h  c e n t u r y ,  most r e s e r v o i r s  des igned  t o  p rov ide  
s t o r a g e  space f o r  sediment cons idered  accumulat ion t o  occur  from t h e  
"bottom up." That  i s ,  dead s t o r a g e  was f i l l e d  f i r s t  and t h e n  t h e  a c t i v e  
s t o r a g e .  A s  r e s e r v o i r s  were resurveyed ,  t h i s  n o t i o n  was found t o  be  
e r r o n e o u s .  I n  some c a s e s ,  y e a r s  passed b e f o r e  any n o t i c e a b l e  d e p l e t i o n  
of dead s t o r a g e  o c c u r r e d ,  whi le  t h e  a c t i v e  space was b e i n g  f i l l e d  con- 
t i n u o u s l y .  I t  was r e a l i z e d  t h a t ,  n o t  on ly  t h e  volume, b u t  t h e  p a t t e r n  
of d e p o s i t i o n  had t o  be  t a k e n  i n t o  account  i n  o r d e r  t o  i n s u r e  t h a t  t h e  
r e s e r v o i r  was n o t  under des igned ( a l l o c a t e d  a c t i v e  s t o r a g e  space  i s  
d e p l e t e d  f a s t e r  t h a n  a n t i c i p a t e d )  o r  over  des igned (dams c o n s t r u c t e d  
h i g h e r  t h a n  needed due t o  a n t i c i p a t e d  accumulat ion a t  t h e  b a s e ) .  Cur- 
r e n t  knowledge concerning t h e  p r e d i c t i o n  of b o t h  volume and l o c a t i o n  of 
d e p o s i t i o n  i s  d i s c u s s e d  below. 

1 5 . 1  TYPES OF WSERVOIRS 

I t  i s  impor tan t  t o  recognize  t h a t  d i f f e r e n t  t y p e s  o f  r e s e r v o i r s  
t y p i c a l l y  a f f e c t  sediment f low and d e p o s i t i o n  i n  v a r i e d  ways. Plethod- 
o l o g i e s  f o r  p r e d i c t i n g  d e p o s i t i o n  p a t t e r n s  seldom p r o v i d e  a n  e x p l i c i t  
s t a t e m e n t  of t h e  t y p e  of r e s e r v o i r  f o r  which t h e  method i s  a p p l i c a b l e .  
P r i o r  t o  d i s c u s s i n g  s p e c i f i c  methodologies ,  some g e n e r a l  d e l i n e a t i o n s  
between t y p e s  o f  r e s e r v o i r s  a r e  e s t a b l i s h e d  f o r  communicative purposes .  
The c h a r a c t e r i s t i c s  used f o r  c a t e g o r i z a t i o n  a r e  o p e r a t i o n  and wid th .  

Opera t ion  

From a  g e n e r a l  s t a n d p o i n t ,  t h r e e  major c l a s s i f i c a t i o n s  appear  t o  be 
a p p r o p r i a t e  when a d d r e s s i n g  sediment d e p o s i t i o n :  normal ly  ponded, 
semi-dry,  and r u n - o f - t h e - r i v e r .  

Normally Ponded 

Normally ponded r e s e r v o i r s  range from smal l  ranch and farm ponds t o  
l a r g e  mul t i -purpose  r e s e r v o i r s .  T h e i r  pr imary c h a r a c t e r i s t i c  i n f l u e n c -  
i n g  sediment  d e p o s i t i o n  i s  t h e  l a c k  of cont inuous  through f low coupled 
w i t h  an  i n t e n s e  mixing zone a t  t h e  r i v e r - r e s e r v o i r  junc . tu re .  The major-  
i t y  of t i m e ,  t h e y  a r e  opera ted  a t  o r  n e a r  t h e  t o p  of a c o n s e r v a t i o n  
p o o l .  A f t e r  t h e  i n e r t i a  of t h e  i-ncoming f l o w .  i s  d i s s i p a t e d  i n  t h e  
mixing zone,  t h e  movement o f  wa te r  through t h e  r e s e r v o i r  i s  f a i r l y  
q u i e s c e n t  and dependent on t h o s e  f a c t o r s  caus ing  c i r c u l a t i o n .  During 
t imes  o f  h i g h  f low ( f l o o d s )  and,  c o r r e s p o n d i n g l y ,  h i g h  sediment  i n f l o w ,  
t h e  ou t f low i s  c h a r a c t e r i s t i c a l l y  l e s s  t h a n  t h e  i n f l o w .  T h i s  c r e a t e s  a  
r i . s e  i n  s t a g e  and movement of t h e  mixing f u r t h e r  upstream. A l l  c o a r s e  
m a t e r i a l  i s  t r a p p e d  and t h e  f i n e  sediment  d i s t r i b u t i o n  i s  a  f u n c t i o n  of 
r e s e r v o i r  and sediment c h a r a c t e r i s t i c s .  

Semi-Drv 

These r e s e r v o i r s  u s u a l l y  do n o t  have a  c o n s e r v a t i o n  p o o l  and t h e y  
do n o t  have a  dead s t o r a g e  space .  During ti.mes o f  low o r  no i n f l o w ,  



t h e y  a r e  empty, and a l l  d e p o s i t e d  m a t e r i a l  i s  exposed.  During h i g h  
in f lows  and t imes when t h e y  c o n t a i n  w a t e r ,  they  behave i n  much t h e  same 
manner a s  a  normal ly  ponded r e s e r v o i r .  Trap e f f i c i e n c i e s  f l u c t u a t e  over  
a  wide range.  

The r u n - o f - t h e - r i v e r  c o n d i t i o n  i s  where ou t f low i s  dependent and of 
t h e  same o r d e r  of magnitude a s  in f low.  A l l  f low i s  p r i m a r i l y  from t h e  
head of t h e  r e s e r v o i r  t o  t h e  dam. Flow can be approximated by r i v e r  
h y d r a u l i c s  methods which t a k e  i n t o  account  t h e  backwater  p r o f i l e s .  
R e s e r v o i r s  where t h e s e  c o n d i t i o n s  e x i s t  a r e  u s u a l l y  used f o r  n a v i g a t i o n  
and,  sometimes, power p r o d u c t i o n .  They a r e  c h a r a c t e r i z e d  by s h o r t  
d e t e n t i o n  t i m e s ,  t r a p  e f f i c i e n c i e s  l e s s  t h a n  100 p e r c e n t ,  r e l a t i v e l y  
high f low v e l o c i t i e s ,  and s i g n i f i c a n t  r een t ra inment  of d e p o s i t e d  
m a t e r i a l .  

Width 

This  geometr ic  c h a r a c t e r i s t i c  i s  b a s i c a l l y  an i n d i c a t i o n  of t h e  
tendency f o r  s h o r t c i r c u i t i n g .  For  l a c k  o f  b e t t e r  c r i t e r i a  a t  t h e  p r e s -  
e n t  t i m e ,  t h e  f o l l o w i n g  c a t e g o r i e s  a r e  e s t a b l i s h e d :  

Narrow. The r e s e r v o i r  i s  approximately  t h e  same wid th  a s  t h e  
channe l .  

Moderately Wide. Width of t h e  r e s e r v o i r  i s  approximately  t h e  
same a s  t h a t  of t h e  meander p a t t e r n .  

Wide. - R e s e r v o i r  i s  wider than  t h e  meander b e l t .  

15 .2  VOLUPlE OF DEPOSITION 

E a r l y  work i n  t h e  a r e a  o f  r e s e r v o i r  s e d i m e n t a t i o n  d e a l t  wi th  
de te rmin ing  t h e  volume of  d e p o s i t i o n .  Methodologies were sought  which 
provided a  r e s e r v o i r ' s  t r a p  e f f i c i e n c y  (TE) wi thou t  regard  t o  t h e  s e d i -  
ment d i s t r i b u t i o n .  Dominant parameters  which r e l a t e  t o  t r a p  e f f i c i e n c y  
a r e  : 

D e t e n t i o n  (Re ten t ion)  Time. Th is  i s  t h e  average t ime a  p a r t i c l e  of 
wa te r  w i l l  remain i n  t h e  r e s e r v o i r  and i s  c a l c u l a t e d  by d i v i d i n g  t h e  
volume o f  t h e  r e s e r v o i r  by t h e  through f low under e q u i l i b r i u m  
c o n d i t i o n s .  

De ten t ion  Time = Reservo i r  Capac i ty / In f low = C/I 

The l o n g e r  a  p a r t i c l e  of sediment remains i n  a r e s e r v o i r ,  t h e  more t ime 
it w i l l  have t o  s e t t l e  from suspens ion .  T h e r e f o r e ,  t h e  g r e a t e r  t h e  
d e t e n t i o n  t ime i s ,  t h e  g r e a t e r  t h e  t r a p  e f f i c i e n c y .  I t  should be noted 
t h a t  t h e  c a p a c i t y  i s  t h e  volume of water  i n  t h e  r e s e r v o i r  and n o t  t h e  
maximum p o s s i b l e  volume of w a t e r .  

Sediment C h a r a c t e r i s t i c s .  B a s i c a l l y ,  t h i s  f a c t o r  r e l a t e s  t o  t h e  
d i f f e r e n t  f a l l  v e l o c i t i e s  of t h e  d i f f e r e n t  s i z e s  of sedi-ment , a l though  



f l o c c u l a t i o n  and h indered  s e t t l i n g  have a  marked e f f e c t .  The g r e a t e r  
t h e  f a l l  v e 1 o c i . t ~  o f  a  p a r t i c l e ,  t h e  f a s t e r  it w i l l  l e a v e  suspens ion .  
T h e r e f o r e ,  t h e  l a r g e r  t h e  p a r t i c l e  s i z e ,  t h e  l a r g e r  t h e  t r a p  e f f i c i e n c y  
w i l l  t e n d  t o  b e .  The c l a y  and f i n e r  s i l t  a r e  t h e  most l i k e l y  t o  e s c a p e .  
The sand and course  s i l t  f r a c t i o n s  seldom reach  t h e  r e s e r v o i r  o u t l e t .  
The o n l y  i n s t a n c e s  where t h i s  i s  n o t  t r u e  i s  when t h e  r e s e r v o i r  i s  
n e a r l y  f u l l  of  sediment  o r  when t h e  r e s e r v o i r  i s  o p e r a t i n g  a t  ex t remely  
low s t a g e s .  . I n  b o t h  c a s e s ,  t h e  r i v e r - r e s e r v o i r  j u n c t u r e  i s  n e a r  t h e  
darn . 

Flow V e l o c i t y .  Sediment t a n k  d e s i g n  cons idered  t r a p  e f f i c i e n c y  t o  
be  a  f u n c t i o n  o f  o n l y  t h e  two f a c t o r s  d i s c u s s e d  above.  N e g l e c t i n g  t h e  
e f f e c t  of t h e  v e l o c i t y  of f low i s  u s u a l l y  a t t r i b u t a b l e  t o  d e s i g n i n g  t h e  
f a c i l i t i e s  f o r  low f low th rough  v e l o c i t i e s  and t h u s ,  minimal s u s p e n s i o n  
due t o  t u r b u l e n c e .  I n  some r e s e r v o i r s  t h i s  assumed q u i e s c e n t  f low does  
n o t  e x i s t  a t  a l l  c r o s s  s e c t i o n s .  The e f f e c t  i s  a  d e c r e a s e  i n  t h e  p e r -  
ce ived  f a l l  v e l o c i t y  and a  cor responding  d e c r e a s e  i n  t r a p  e f f i c i e n c y .  

Depth of R e s e r v o i r .  Although t h e  dep th  of r e s e r v o i r  a f f e c t s  
s t r a t i f i c a t i o n  and c i r c u l a t i o n  p a t t e r n s ,  t h e  f a l l  d i s t a n c e  o f  a  p a r t i c l e  
i s  t h e  major c o n s i d e r a t i o n  h e r e .  Simply,  t h e  f u r t h e r  a  p a r t i c l e  has  t o  
f a l l . ,  t h e  l o n g e r  i t  w i l l  remain i n  suspens ion .  

S h o r t c i r c u i t i n g .  T h i s  phenomena r e f l e c t s  a s  a  d e v i a t i o n  from p l u g  
fl.ow &d i s  caused by r e s e r v o i r  o p e r a t i o n ,  d e n s i t y  f low,  wind, r e s e r v o i r  
geometry,  e t c .  Once r u n - o f - t h e - r i v e r  c o n d i t i o n s  do n o t  e x i s t ,  s h o r t -  
c i r c u i t i n g  w i l l  have a d e f i n i t e  e f f e c t  on t h e  t r a p  e f f i c i e n c y .  B a s i c a l -  
l y ,  it w i l l  c r e a t e  d i f f e r e n c e s  i n  d e t e n t i o n  t ime  f o r  d i f f e r e n t  e lements  
of w a t e r .  The average  d e t e n t i o n  t ime  i s  l e s s  r e p r e s e n t a t i v e  of t h e  
r e s e r v o i r  f low.  Th is  is  a  complex phenomena which i s  ex t remely  d i f f i -  
c u l t  t o  account  f o r  p r e c i s e l y .  

To d a t e ,  most methods formulated t o  p r e d i c t  t r a p  e f f i c i e n c i e s  a r e  
based on e m p i r i c a l  c o r r e l a t i o n s  u t i l i z i n g  one o r  more of t h e  f i r s t  t h r e e  
f a c t o r s  d i s c u s s e d  i . e . ,  

where C/I = c a p a c i t y - i n f l o w  r a t i o  

w = f a l l  v e l o c i t y  of f r a c t i o n  i 
i 

u = t h e  average  th rough  flow v e l o c i t y  

S e v e r a l  o f  t h e s e  methodologies  a r e  d i s c u s s e d  below. 

Rrune and Al len  (1941) 

Brune and A l l e n  made one o f  t h e  f i r s t  s t u d i e s  o f  t r a p  e f f i c i e n c y .  
They r e l a t e d  t h e  C/W r a t i o  t o  t h e  p e r c e n t  o f  eroded s o i l  caught  i n  t h e  
r e s e r v o i r  ( F i g u r e  15-I), where C i s  t h e  c a p a c i t y  of t h e  r e s e r v o i r  i n  
a c r e - f e e t  and W i s  t h e  a r e a  of t h e  watershed i n  s q u a r e . m i l e s .  The C/W 
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r a t i o  i s  i n t e n d e d  t o  be a  measure of t h e  d e t e n t i o n  t ime of t h e  r e s e r -  
v o i r .  Two b a s i c  problems e x i s t  w i t h  t h i s  r a t i o .  



F i g u r e  15-1. Percen tage  of eroded s o i l  caught  i n  
r e s e r v o i r  a s  r e l a t e d  t o  C / W  r a t i o .  

1. The watershed a r e a  can n o t  be d i r e c t l y  c o r r e l a t e d  t o  t h e  
i n £  low. 

2 .  The c a p a c i t y  does r e f l e c t  t h e  r e s e r v o i r  volume, however, t h e  
r e s e r v o i r  c a p a c i t y  used should be  t h e  c a p a c i t y  f o r  a  g iven  s t a g e  
and n o t  t h e  maximum c a p a c i t y  of t h e  r e s e r v o i r .  Another problem 
w i t h  t h e  Brune and A l l e n  a n a l y s i s  i s  t h a t  t h e y  used t h e  amount of 
so i l .  eroded and compared it t o  t h e  r e s e r v o i r  accumulat ion t o  d e t e r -  
mine t r a p  e f f i c i e n c y .  The amount of sediment eroded from t h e  
watershed i s  u s u a l l y  l e s s  t h a n  t h a t  which i s  i n  t h e  i n f l o w  t o  t h e  
r e s e r v o i r .  T h i s  would make t h e  t r a p  e f f i c i e n c i e s  determined by 
Brune and A l l e n  lower than  a c t u a l .  Brown (1943) c o r r e c t e d  t h e  
procedure  t o  c o n s i d e r  a c t u a l  sediment in f low (F igure  15-2) .  The 
p o i n t s  a r e  s t i l l  s c a t t e r e d  r e f l e c t i n g  problems i n  t h e  use  of t h e  
C / W  r a t i o .  

C h u r c h h i l l  (1948) 

C h u r c h i l l  c o r r e l a t e d  t r a p  e f f i c i e n c y  w i t h  a  s e d i m e n t a t i o n  index  
(F igure  15-3) .  The sed imenta t ion  index i s  e q u a l  t o  t h e  r a t i o  of t h e  
r e t e n t i o n  p e r i o d  t o  t h e  mean v e l o c i t y  of f low through t h e  r e s e r v o i r .  
Th i s  a n a l y s i s  d i d  t a k e  i n t o  account  two of t h e  prominent f a c t o r s  a f f e c t -  
i n g  t r a p  e f f i c i e n c y  and t h e  s c a t t e r  of p o i n t s  i s  s i g n i f i c a n t l y  decreas -  
e d .  Borland (1971) a p p l i e d  t h i s  method u s i n g  d i f f e r e n t  d a t a  and found 
reasonab le  c o r r e l a t i o n .  

Brune (1953) 

Brune concluded t h a t  t h e  d a t a  needed t o  use  C h u r c h i l l ' s  p rocedure  
i . e . ,  i n f o r m a t i o n  needed t o  determine p e r i o d  of r e t e n t i o n  and t h e  mean 



Reservo~r storage capacity C/W (acre-feet per square mile of bainoge area) 
F i g u r e  15-2. Trap e f f i c i e n c y  a s  r e l a t e d  t o  C/W r a t i o  

( SEMMENTATION INDEX OF RESERVOIR = PFR'OO OF 
MEAN VELOCITY 

F i g u r e  15-3. P e r c e n t  o f  sediment  p a s s i n g  th rough  r e s e r v o i r  
a s  r e l a t e d  t o  s e d i m e n t a t i o n  index .  

v e l o c i t y ,  was n o t  r e a d i l y  a v a i l a b l e .  He t h e n  developed a  r e l a t i o n s h i p  
between t h e  t r a p  e f f i c i e n c y  and t h e  r e s e r v o i r  c a p a c i  t y - i n f 1 . 0 ~  (CII) 
r a t i o  which i s  d e p i c t e d  i n  F i g u r e  15-4.  Here t h e  C/I r a t i o  is  i n -  
tended t o  b e  a  measure of t h e  d e t e n t i o n  time. The c u r v e  gave r e a s o n a b l e  
r e s u l t s ,  b u t  Borland (1971) determined t h a t  C h u r c h i l l ' s  p rocedure  was 
more p r e c i s e .  T h i s  p rocedure  b a s i c a l l y  c o r r e l a t e s  t h e  t r a p  e f f i c i e n c y  
t o  t h e  r e t e n t i o n  t ime and t h u s ,  c o n s i d e r s  one l e s s  f a c t o r  t h a n  C h u r c h i l l  
cons ide red .  

Karaushev (1966) 

Karaushev developed a n  e x p r e s s i o n  f o r  t r a p  e f f i c i e n c y  i n  smal l  
r e s e r v o i r s .  
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CAPACITY - INFLOW RATIO 

F i g u r e  15-4. Trap e f f i c i e n c y  a s  r e l a t e d  t o  C / I  r a t i o .  

i Ts 
where = - - 

h  

- 
w = mean f a l l  v e l o c i t y  of t h e  t r a n s p o r t e d  sediment 

T = d u r a t i o n  of s p i l l  over  p e r i o d  i n  seconds 
S 

= t h e  mean dep th  of t h e  r e s e r v o i r .  

The r e l a t i o n s h i p  i s  d e p i c t e d  g r a p h i c a l l y  i n  F i g u r e  15-5. The d e r i v a t i o n  
of t h e  r e l a t i o n s h i p  i s  n o t  complete ly  e x p l a i n e d .  A q u a l i t a t i v e  i n t e r -  
p r e t a t i o n  of t h e  parameters  f o l l o w s .  

1. C / I :  A s  b e f o r e ,  an  i n c r e a s e  i n  t h e  C / I  r a t i o  produces  an 
i n c r e a s e  i n  t r a p  e f f i c i e n c y .  

- - 
2 .  w and h :  Sediment c h a r a c t e r i s t i c s  and r e s e r v o i r  dep th  a r e  
cons idered  f o r  t h e  f i r s t  t ime .  The f a s t e r  t h e  p a r t i c l e  f a l l s ,  t h e  
sooner  i t  w i l l  be removed from suspension; '  t h e  f u r t h e r  it has  t o  
f a l l  t h e  l o n g e r  removal w i l l  t a k e .  These f a c t o r s  a r e  t a k e n  i n t o  
account  by t h e  parameter  $ and produce t h e  expec ted  changes i n  
t r a p  e f f i c i e n c y .  

3 .  T  : The l o n g e r  a s p i l l - o v e r  o c c u r s ,  t h e  g r e a t e r  i t s  mean flow 
v e l o c i t y  through t h e  r e s e r v o i r  and g r e a t e r  a r e  t h e  chances t h a t  a  
p a r t i c l e  of sediment w i l l  e s c a p e .  T , a s  u t i l i z e d  i n  t h e  e q u a t i o n ,  
c r e a t e s  an i n c r e a s e  i n  4 , t h u s  caus ing  a d e c r e a s e  i n  t r a p  e f f i c -  
i e n c y .  Th is  anomoly i s  n o t  e x p l a i n e d .  

The method does p o i n t  o u t  t h a t  sediment c h a r a c t e r i s t i c s  do 
i n f l u e n c e  t h e  t r a p  e f f i c i e n c y .  Th is  i n d i c a t e s  t h a t  a  fami ly  of curves  
a r e  warranted f o r  b o t h  C h u r c h i l l ' s  and Brunet s methods. 

Lopez (1978) 

Lopez 's  a n a l y t i c a l  model t o  p r e d i c t  d e p o s i t i o n  p a t t e r n s  i n c l u d e s  a  
d e t e r m i n a t i o n  o f  t h e -  sediment reaching t h e  dam. I f  i t  i s  assumed t h a t  



F i g u r e  15-5. Trap e f f i c i e n c y  a s  r e l a t e d  t o  C / I  and $. 

t h i s  m a t e r i a l  e x i t s  t h e  r e s e r v o i r ,  t h e  t r a p  e f f i c i e n c y  can be  
c a l c u l a t e d .  Th is  and s i m i l a r l y  d e r i v e d  models a r e  t h e  o n l y  a n a l y t i c a l  
methods which p r o v i d e  a  measure o f  t r a p  e f f i c i e n c y .  T h e i r  l i m i t a t i o n s  
w i l l  b e  d i s c u s s e d  i n  a  l a t e r  s e c t i o n  on a n a l y t i c a l  models.  

1 5 . 3  PATTERNS OF DEPOSITION 

P r e d i c t i o n s  o f  t h e  p a t t e r n s  of  d e p o s i t i o n  e n t a i l  n o t  o n l y  volume 
d e t e r m i n a t i o n ,  b u t  t h e  l o c a t i o n  i n  t h e  r e s e r v o i r  where t h e  volume i s  
d e p l e t e d .  

Ideograph ic  D e p o s i t i o n  

General  consensus  among r e s e a r c h e r s  working i n  t h e  a r e a  of 
r e s e r v o i r  s e d i m e n t a t i o n  i s  t h a t  t h e  f a c t o r s  i n f l u e n c i n g  sediment  d i s -  
t r i b u t i o n  c h a r a c t e r i s t i c a l l y  c r e a t e  two b a s i c  fo rmat ions :  t h e  d e l t a  and 
t h e  bot tom d e p o s i t  ( F i g u r e  15-6) .  P r e d i c t i o n s  o f  d e p o s i t i o n  i n  r e s e r -  
v o i r s  u s u a l l y  d i v i d e  t h e  fo rmat ions  and t h e  c h a r a c t e r i s t i c s  t h a t  produce 
them i n t o  two s e p a r a t e  c a t e g o r i e s  and c o n s i d e r  t h e i r  development t o  be 
independen t .  The fo l lowing  paragraphs  summarize t h e  c u r r e n t  s t a t e  o f  
knowledge w i t h  r e s p e c t  t o  each .  

D e l t a  Depos i t s  

The bed load  and t h e  c o a r s e  suspended load  a r e  u s u a l l y  t r a n s p o r t e d  
a t  a  r a t e  commensurate w i t h  t h e  e x i s t i n g  c a p a b i l i t y  of t h e  s t r e a m .  Once 
t h i s  c a p a b i l i t y  i s  decreased  by t h e  expansion of t h e  f low a r e a  a t  t h e  
r i v e r - r e s e r v o i r  j u n c t u r e ,  a  d e p o s i t i o n  o c c u r s  which i s  termed d e l t a  de- . velopment.  How t h i s  development proceeds  depends on t h e  d i s t r i b u t i o n  
and amount of m a t e r i a l  be ing  t r a n s p o r t e d  and how t h e  f low i s  a l t e r e d  a s  
it e n t e r s  t h e  r e s e r v o i r .  The flow of t h e  r i v e r  i n t o  t h e  r e s e r v o i r  i s  
most c l o s e l y  approximated by t h e  dynamics of p l a n e  j e t  f low o f  wa te r  





i n t o  w a t e r .  Ba tes  (1953) d e f i n e s  a  d e l t a  a s  a  s 'edirnentary d e p o s i t  b u i l t  
by jet f low i n t o  o r  w i t h i n  a  permanent body of  w a t e r .  T h i s  p r o c e s s  i s  
schematica1,ly d e p i c t e d  i n  F i g u r e  15-7 (Da i ly  and Harleman, 1973) .  

T h e o r e t i c a l  a n a l y s i s  o f  j e t  f low does p r o v i d e  i n s i g h t s  i n t o  t h e  
g e n e r a l  c h a r a c t e r  of j e t  d i f f u s i o n ,  b u t  does n o t  d e f i n e  p r e c i s e  v e l o c i t y  
d i s t r i b u t i o n s ,  r a t e s  o f  en t ra inment  of su r rounding  f l u i d ,  and j e t  dimen- 
s i o n s .  I t  has  been n e c e s s a r y  t o  r e s o r t  t o  semi-empi r ica l  approaches  t o  
de te rmine  t h e  aforement ioned c h a r a c t e r i s t i c s  (Da i ly  and Harleman, 1973) .  

Superimposing t h e  r e s u l t s  of t h e s e  s t u d i e s  on t h e  i n f l o w  of a  r i v e r  
i n t o  a  r e s e r v o i r  i s  complicated by s e v e r a l  f a c t o r s .  

1. In f low i s  uns teady .  T h i s  a f f e c t s  b o t h  t h e  je t  characteristics 
and t h e  l o c a t i o n  of t h e  r i v e r - r e s e r v o i r  j u n c t u r e .  

2 .  R e s e r v o i r  geometry t e n d s  t o  r e s t r i c t  t h e  j e t  expansion i n  t h e  
narrower  impoundments. 

3 .  Depos i t ion  and e r o s i o n  of m a t e r i a l  a c t s  t o  a l t e r  t h e  geometry. 
V e r t i c a l  changes a r e  d e p i c t e d  i n  F i g u r e  15-8 (Har r i son ,  1952) .  

4 .  D i f f e r e n c e s  i n  t h e  d e n s i t i e s  of t h e  r e s e r v o i r  w a t e r  and t h e  
i n f l o w  a l t e r s  t h e  r e s u l t s  of t h e o r e t i c a l / l a b o r a t o r y  s t u d i e s  which 
assume e q u a l  d e n s i t i e s .  

A s  a  r e s u l t  o f  t h e  gap between t h e o r y  and r e a l i t y ,  i t  h a s  been n e c e s s a r y  
t o  r e l y  h e a v i l y  on f i e l d  and l a b o r a t o r y  o b s e r v a t i o n s  i n  de te rmin ing  t h e  
growth c h a r a c t e r i s t i c s  of d e l t a s .  

I n  1951, r e p r e s e n t a t i v e s  o f  t h e  Missour i  R iver  D i v i s i o n  v i s i t e d  12 
r e s e r v o i r s  d u r i n g  low s t a g e  c o n d i t i o n s  i n  o r d e r  t o  observe  d e l t a  
fo rmat ions  (Bondurant,  1955) .  P r i o r  t o  t h e  v i s u a l  i n v e s t i g a t i o n ,  t h e  
team made a  r a t h e r  comprehensive review of e x i s t i n g  l i t e r a t u r e .  They 
summarized t h e  s t a t e - o f - t h e - a r t  a s  f o l l o w s :  

. . . d a t a  were r e s t r i c t e d  a lmos t  whol ly  t o  such i n f o r m a t i o n  o n  
volume and p r o f i l e s  a s  were o b t a i n e d  from r e s e r v o i r  c a p a c i t y  
s u r v e y s .  I n  l i e u  of more r e l i a b l e  i n f o r m a t i o n ,  an i d e o g r a p h i c  
concept  ( F i g u r e  15-6) appeared t o  be g e n e r a l l y  a c c e p t e d .  
B r i e f l y ,  t h i s  concept  assumes t h a t  d e p o s i t i o n  beg ins  a t  t h e  
upstream limits o f  backwater e f f e c t  with t h e  d e p o s i t i o n  o f  t h e  
l a r g e s t  p a r t i c l e s  i n  t h e  t r a n s p o r t  e n t e r i n g  t h e  r e a c h .  Depo- 
s i t i o n  i s  cons idered  t o  occur  p r o g r e s s i v e l y  downstream, w i t h  
i n c r e a s i n g l y  f i n e r  p a r t i c l e s  b e i n g  d e p o s i t e d  a s  t h e  average  
v e l o c i t y  o f  f low i s  d e c r e a s e d ,  u n t i l ,  s h o r t l y  a f t e r  e n t e r i n g  
t h e  r e s e r v o i r ,  a l l  m a t e r i a l  o f  t h e  s i z e  o f  f i n e  sand o r  l a r g e r  
must have been d e p o s i t e d  . . . . . . . . . .  I t  was recognized ,  o f  
c o u r s e ,  t h a t  t h i s  i d e a l i s t i c  p a t t e r n  would be  complicated by 
t h e  forward growth of t h e  sand d e p o s i t s  over  p r e v i o u s l y  depo- 
s i t e d  s i l t s ,  encroachment of one m a t e r i a l  over  a n o t h e r  due t o  
f l u c t u a t i o n s  i n  poo l  l e v e l ,  and l o c a l  e r o s i o n  (re-working) o f  
d e p o s i t s  d u r i n g  p e r i o d s  o f  low pool  l e v e l s .  



Figure  15-7.  Devel.op11lent of  s i m i l a r  v e l o c i t y  p r o f i l e s  
i n  a plane j e t .  



W c k r  S u r f o c e  o t  t o w  

(0 )  
Wot r r  Surfoce ond 9ed 
Prof i les o t  In i t i a l  
Moment t o  

u 

I n 

I - - 
Limit of 3ockwote r -y  AZ 

. Rats a t  l n i t i o l  
Mcmen t ' to 

(b) 
Grcdient  in Transport Norrnol River Rcfe 

(c) 
Depths o f  Deposition 
c t  Time t2dt Af f e r  
T i m e  Increment at L a e d  Surfoce at ¶, 

I 

Wote r  S u r f o c e  ond 

to+at 

- 
I Limit ot ~ o c k w o t s r d  4; 

(c 1 
Grad ien t  in ~ r o n s ~ o r t  
R o t e  o t  Time.b+at 

( f  1 
Depths of Geposition ~h 
IXlring Second Time 
fnaerni?nt, ht and 
eed P r o f i l e  ot Time 
!,,-I- 2At  

Figu re  15-8. T h e o r e t i c a l  wa te r  - supface  and bed p r o f i l e s  of an 
a l l u v i a l  r i v e r  e n t e r i n g  a  r e s e r v o i r .  



Wright ( l 9 7 7 ) ,  based on t h e  work of p a s t  i n v e s t i g a t o r s  of t h e  
d e l t a i c  p r o c e s s ,  concluded t h a t  a  f i n i t e  number of r iver-mouth t y p e s  
e x i s t  and t h a t  t h e  v a r i a b i l i t y  can b e s t  be  unders tood by c o n s i d e r i n g  t h e  
i n f l u e n c e  o f  pr imary f o r c e s  i n  con junc t ion  w i t h  modifying f o r c e s .  The 
t h r e e  pr imary f o r c e s  a r e :  

1. I n e r t i a  and a s s o c i a t e d  t u r b u l e n t  d i f f u s i o n  

2 .  Turbu len t  bed f r i c t i o n  

3 .  Buoyancy 

The f low p a t t e r n s  a s s o c i a t e d  w i t h  t h e s e  dominant f o r c e s  a r e  d e p i c t e d  i n  
F i g u r e s  15-9, 15-10,  and 15-11. I f  p r e s e n t  a t  a l l ,  i n e r t i a  dominated 
flow i s  s h o r t  l i v e d  i n  a  r e s e r v o i r  due t o  d e p o s i t i o n .  Turbu len t  bed 
f r i c t i o n  i s  dominant and r e s u l t s  i n  t h e  c h a r a c t e r i s t i c  p a t t e r n  d e p i c t e d  
i n  F igure  15-12. 

A s  t h e  d e p o s i t i o n  p r o c e s s  c o n t i n u e s ,  r e p e a t e d  a v u l s i o n s  t end  t o  
d i s t r i b u t e  t h e  d e l t a i c  m a t e r i a l  l a t e r a l l y  a s  w e l l  a s  l o n g i t u d i n a l l y .  
Laboratory  exper iments  by Chang (1967) revea led  t h a t  t h e  d e l t a  w i l l  grow 
l a t e r a l l y  approximately  a s  f a s t  a s  it does l o n g i t u d i n a l l y .  T h i s  i s  
i n d i c a t i v e  of a  tendency of t h e  d e l t a i c  p rocess  t o  d e p l e t e  s t o r a g e  space 
p r o g r e s s i v e l y  from t h e  r i v e r - r e s e r v o i r  j u n c t u r e  toward t h e  dam. 

Bottom Depos i t s  

The p a t t e r n s  of d e p o s i t i o n  of bottom d e p o s i t s  a r e  much more complex 
t h a n  t h o s e  of t h e  d e l t a .  The d e l t a  fo rmat ion  i s  c o n t r o l l e d  p r i m a r i l y  by 
t h e  sediment load  and r e s e r v o i r  o p e r a t i o n ,  whi le  t h e  bottom d e p o s i t s  a r e  
in f luenced  by t h e s e  f a c t o r s  p l u s  t h e  c i r c u l a t i o n  w i t h i n  t h e  r e s e r v o i r .  
The i n t r i c a c y  of t h e  c ' i r c u l a t i o n  p a t t e r n s  w i t h i n  t h e  r e s e r v o i r  makes 
p r e d i c t i n g  t h e  d e p o s i t i o n  p r o c e s s  of t h e  f i n e r  g r a i n e d  m a t e r i a l  extreme- 
l y  d i f f i c u l t .  Bondurant (1944) summed up t h e  knowledge .of t h e s e  depos- 
i t s  a s  f o l l o w s :  

Sediments of s i l t  and c l a y  s i z e s  a r e  cons idered  t o  be 
t r a n s p o r t e d ,  i n  a n  undef ined manner, beyond t h e  p o i n t  where it 
i s  known t h a t  d e n s i t y  f lows sometimes r e s u l t  i n  c l a y  m a t e r i a l s  
be ing  t r a n s p o r t e d  throughout  t h e  l e n g t h  of t h e  r e s e r v o i r  t o  be 
d e p o s i t e d  i n  f r o n t  of t h e  dam o r  pe rhaps  t o  be  d i scharged  
through t h e  o u t l e t s .  

Our knowledge h a s  been  inc reased  v e r y  l i t t l e  s i n c e  t h a t  s y n o p s i s .  

P r e d i c t i n g  P a t t e r n s  of Depos i t ion  

The purpose of t h e s e  models i s  t o  p rov ide  t h e  p l a n n e r  w i t h  i n s i g h t  
i n t o  t h e  d i spos j . t ion  of sediment c o l l e c t e d  i n  t h e  r e s e r v o i r  a s  a  func- 
t i o n  o f  t ime.  80 th  e m p i r i c a l  and a n a l y t i c a l  'methods have been 
developed.  



I NTERTjA - DOMINATED EFFLUENT(fu1iy turbulent jet) 
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Figure  15-9. I n e r t i a  dominated e f f l u e n t .  
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F i g u r e  15-10. F r i c t i o n  dominated e f f l u e n t  
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Figure  15-1.1. Buoyant e f f l u e n t .  
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F i g u r e  15-12. River-mouth d e p o s i t i o n j f r i c t i o n  doaiinated e f f l u e n t .  



This  i s  p robab ly  t h e  most e x t e n s i v e  v i s u a l  s t u d y  of r e s e r v o i r  
d e l t a s  e v e r  conducted.  T h e i r  o b s e r v a t i o n s  revea led  t h e  f o l l o w i n g :  

Depos i t s  e n t e r i n g  r e l a t i v e l y  wide b a s i n s  p r o j e c t e d  i n t o  t h e  
b a s i n s  i n s t e a d  of s p r e a d i n g  l a t e r a l l y .  

Massive d e p o s i t s  of c l a y s  were f r e q u e n t l y  a s s o c i a t e d  w i t h  
d e l t a  f o r m a t i o n s .  I n  some i n s t a n c e s ,  c h a r a c t e r i s t i c a l l y  
d e l t a i c  fo rmat ions  appeared t o  c o n s i s t  a lmos t  whol ly  o f  c l a y s .  

The d e p o s i t s  noted appeared t o  c o n s i s t  p r i m a r i l y  of e i t h e r  
sands  o r  c l a y s .  Although it appears  obvious  t h a t  s i l t  s i z e  
m a t e r i a l s  must have been p r e s e n t ,  t h e y  were n o t  i d e n t i f i e d  i n  
a p p r e c i a b l e  q u a n t i t i e s .  I t  i s  p robab le  t h a t  mechanical  ana ly -  
ses of t h e  d e p o s i t s  would have d i s c l o s e d  a  g r e a t e r  p r o p o r t i o n  
of s i l t s  t h a n  was apparen t  v i s u a l l y .  

The channe l s  of in f lowing  s t reams  f r e q u e n t l y  appeared t o  have 
s h i f t e d  over  t h e  s u r f a c e  of t h e  d e p o s i t s  i n  a  s e r i e s  o f  avu l -  
s i o n s  r a t h e r  t h a n  by p r o g r e s s i v e  meandering.  

Bedding o f  t h e  d e p o s i t s  was f r e q u e n t l y  q u i t e  complex 

Numer.ous smal l  l e n s e s  o f  v a r i o u s  m a t e r i a l s ,  some of them 
d e f i n i t e l y  d i s c o n t i n u o u s ,  were noted i n  t h e  banks o f  channels  
scoured i n t o  t h e  d e p o s i t s .  

Channels eroded i n t o  sand d e p o s i t s  tended t o  develop a  
symmetr ical  meander and ,  i n  a t  l e a s t  one i n s t a n c e ,  were re-  
p o r t e d  t o  be d imens iona l ly  i n  accord  w i t h  t h e  Lacey formula 
(Lacey, 1946). Channels eroded i n  c l a y  tended t o  be s t r a i g h t .  

Clay d e p o s i t s ,  even when s o f t  and u n c o n s o l i d a t e d ,  were h i g h l y  
r e s i s t a n t  t o  e r o s i o n .  

An a p p r e c i a b l e  q u a n t i t y  of g r a v e l ,  sometimes i n  b a r  fo rmat ion  
and sometimes s c a t t e r e d ,  was noted i n  Ehe channel  o f  t h e  South 
Canadian River  arm of t h e  (jonchas R e s e r v o i r  w e l l  towards t h e  
downstregm end of t h e  exposed p o r t i o n  o f  t h e  d e l t a .  Th i s  
g r a v e l  was l y i n g  over  a c o n s i d e r a b l e  dep th  of p r e v i o u s l y  
d e p o s i t e d  sed iments .  

Boundaries o f  maximum exper ienced  pool  l e v e l s  and backwater 
reaches  could  n o t  be determined d u r i n g  t h e  reconna i ssance ;  
however, backwater d e p o s i t s  appeared t o  be much l e s s  e x t e n s i v e  
t h a n  a n t i c i p a t e d .  C h a r a c t e r i s t i c  a g g r a d a t i o n  d e p o s i t s  i . e . ,  
d e p o s i t s  l y i n g  above t h e  l i m i t s  of  normal ly  exper ienced  poo l  
l e v e l s ,  appeared g e n e r a l l y  t o  be l i m i t e d  Lo boundar ies  of t h e  
maximum exper ienced  p o o l .  

Where e x t e n s i v e  d e p o s i t s  were found i n  o r  above backwater 
r e a c h e s ,  t h e y  were i n v a r i a b l y  a s s o c i a t e d  w i t h  o t h e r  c h a r a c t e r -  
i s t i c  phenomena such a s  an  aggrad ing  s tceam,  e x t e n s i v e  vege ta -  
t i o n ,  o r  c o n s t r u c t i o n s ,  e i t h e r  topograph ic  o r  man made. 



Empir ica l  Models 

Empir ical  models a r e  based on o b s e r v a t i o n s  o f  e x i s t i n g  r e s e r v o i r s .  
Data i s  analyzed t o  d i s c o v e r  g e n e r a l  t r e n d s  of d e p o s i t i o n  under v a r y i n g  
c o n d i t i o n s  i n  o r d e r  t o  p rov ide  p rocedures  f o r  p r e d i c t i n g  e f f e c t s  i n  
p lanned r e s e r v o i r s .  T h i s  empir ic ism i s  c h a r a c t e r i z e d  by a  l a c k  of 
s p e c i f i c  knowledge o f  t h e  a c t u a l  p r o c e s s e s  r e l a t e d  t o  sediment depos i -  
t i o n .  The more r e p r e s e n t a t i v e  t h e  planned development i s  of t h e  d a t a  
used i n  developing a  methodology, t h e  b e t t e r  t h e  r e s u l t s  of t h e  s t u d y  
w i l l  be. I t  i s  i m p e r a t i v e  t h a t  methodologies n o t  be  e x t r a p o l a t e d  t o  
s i t u a t i o n s  beyond t h o s e  by which a  procedure  was developed.  

Comparison. The s i m p l e s t  empir ic ism i s  g e n e r a l l y  comparison.  When 
o b s e r v a t i o n s  o f  r e s e r v o i r s  c o n s t r u c t e d  i n  s i m i l a r  b a s i n s  ( t h o s e  w i t h  
l i k e  s o i l  c h a r a c t e r i s t i c s ,  c o v e r ,  s l o p e s ,  c l i m a t e ,  e t c . )  r e f l e c t  an  
absence of sediment r e l a t e d  problems, it i s  reasonab le  t o  assume t h a t  a  
proposed r e s e r v o i r  w i t h  s i m i l a r  b a s i n  c h a r a c t e r i s t i c s  w i . 1 1  n o t  b e  
s u b j e c t e d  t o  a d v e r s e  sediment e f f e c t s .  The Tennessee V a l l e y  i s  an  
e x c e l l e n t  example of a  b a s i n  where r e s e r v o i r  sed imenta t ion  i s  essen-  
t i a l l y  n o t  a  problem (TVA, 1968). I t  s t a n d s  t o  reason  t h a t  o t h e r  
r e s e r v o i r s  c o n s t r u c t e d  i n  t h i s  b a s i n  o r  s i m i l a r  b a s i n s  w i l l  n o t  be 
a d v e r s e l y  a f f e c t e d  w i t h i n  a  reasonab le  p e r i o d  of a n a l y s i s .  A d e t a i l e d  
s t u d y  of t h e  volume and p a t t e r n s  of accumulat ion i s  n o t  war ran ted .  I n  
o t h e r  b a s i n s  where sediment has  c r e a t e d  adverse  e f f e c t s  w i t h i n  t h e  
economic l i f e  o f  r e s e r v o i r s ,  t h e  r e s e r v o i r  d e s i g n e r  must i n c l u d e  
sediment c o n s i d e r a t i o n s  a s  p a r t  of h i s  a n a l y s i s .  

T h i s  b a s i c  method of a n a l y s i s  should  p r o v i d e  a  means of exc lud ing  
i n  dep th  s t u d i e s  i n  some s i t u a t i o n s .  On t h e  o t h e r  hand, it w i l l  war ran t  
more p r e c i s e  methodologies  where sediment i s  c h a r a c t e r i s t i c a l l y  a  
problem. 

Area Increment Method (1953) .  Th i s  e f f o r t  by C r i s t o f a n o  (1953) 
r e p r e s e n t s  t h e  f i r s t  a t t e m p t  t o  d i s t r i b u t e  t h e  sediment  i n  accordance 
w i i h  a c t u a l  o b s e r v a t i o n s .  ~ e c o ~ n i z i n ~  t h a t  t h e  sed iment  does n o t  f i l l  
from bottom t o  t o p ,  b u t  a t  a l l  e l e v a t i o n s ,  C r i s t o f a n o  made t h e  assump- 
t i o n  t h a t  d e p o s i t i o n  could  be approximated by reduc ing  t h e  r e s e r v o i r  
a r e a  a t  each e l e v a t i o n  by a  f i x e d  amount. The p r o g r e s s i v e  f i l l i n g  o f  
t h e  r e s e r v o i r  u s i n g  t h i s  p u r e l y  mathemat ical  method i s  d e p i c t e d  
s c h e m a t i c a l l y  i n  F i g u r e  5-13. 

The method does b e t t e r  approximate t h e  actua.1 sediment  d e p o s i t i o n  
p a t t e r n  t h a n  t h e  "bottom up" assumption,  b u t  does n o t  account  f o r  t h e  
v a r i o u s  f a c t o r s  which determine t h e  p a t t e r n .  Ac tua l  p a t t e r n s  w i l l  v a r y  
widely from t h o s e  p r e d i c t e d  u s i n g  t h i s  method. I t  t e n d s  t o  b e  conserva-  
t i v e  f o r  t h e  e s t i m a t i o n  of t h e  darn h e i g h t  and unconserva t ive  f o r  t h e  
a l l o c a t i o n  of a c t i - v e  s t o r a g e  s p a c e .  

Empi r ica l  Area-Reduction Method (1958).  Th i s  i s  p robab ly  t h e  most 
widelv  known and used method f o r  p r e d i c t i n g  sediment  d e p o s i t i o n .  
~ o r 1 a k - I  and N i l l e r  (1958) used t h e  res&veys of 30 r e s e r v o i r s  t o  develop 
a  r e l a t i o n s h i p  between percen tage  of r e s e r v o i r  dep th  and p e r c e n t a g e  o f  
sediment d e p o s i t e d  f o r  r e s e r v o i r s  o f  d i f f e r e n t  shapes  a s  p e r  F i g u r e  
15-14. The shape o f  t h e  r e s e r v o i r  i s  d e f i n e d  by M which i s  t h e  
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Figure 15-13. Empirical area-reduction/area increment comparison. 



PERCENT SEDIMENT DEPOSITED 

Figure  15-14. Empirical  a r ea - r educ t ion  method type cu rves .  



r e c i p r o c a l  of t h e  s l o p e  ( n )  o f  t h e  p l o t  o f  dep th  v e r s u s  r e s e r v o i r  
c a p a c i t y  on log- log  paper  a s  d e p i c t e d  i n  F i g u r e  15-15. The g e n e r a l  
r e s e r v o i r  t y p e s  a r e  l i s t e d  i n  Tab le  15-1. 

Table  15-1. General  r e s e r v o i r  t y p e s .  

S tandard  
Value of M R e s e r v o i r  Type C l a s s i f i c a t i o n  

1 .0 -1 .5  Gorge T V 
1 . 5 - 2 . 5  H i  1 1 I11 
2 . 5 - 3 . 5  Flood P l a i n - F o o t h i l l  I I 
3 . 5 - 4 . 5  Lake I 

Once t h e  r e s e r v o i r  i s  c l a s s i f i e d ,  t h e  remainder of t h e  p r o c e s s  i s  
mathemat ical .  The p r o j e c t e d  sediment in f low is  d i s t r i b u t e d  i n  accord-  
ance w i t h  t h e  t y p e  o f  r e s e r v o i r  i t  most c l o s e l y  resembles .  The charac-  
t e r i s t i c  shape of t h e  depos i . t ion  p r o f i l e  i s  d e p i c t e d  i n  F i g u r e  15-13. 

The method does a l low f o r  d e p o s i t i o n  t o  occur  i n  accordance w i t h  
d i s t r i b u t i o n s  found i n  e x i s t i n g  r e s e r v o i r s ,  which i s . a  b e t t e r  b a s i s  than  
found w i t h  t h e  Area Increment Plethod. I t  s t i l l  does n o t  i n c l u d e  t h e  
e f f e c t  of a l l  f a c t o r s  which determine t h e  d e p o s i t i o n  p a t t e r n s ,  b u t  
assumes a l l  t h e  f a c t o r s  a r e  r e l a t e d  t o  r e s e r v o i r  geometry.  The sediment 
c h a r a c t e r i s t i c s  and p h y s i c a l  p r o c e s s e s  unique t o  each r e s e r v o i r  a r e  n o t  
accounted f o r .  R e s u l t s  w i l l  u s u a l l y  be more a c c u r a t e  t h a n  t h o s e  o b t a i n -  
ed u s i n g  t h e  Area Increment Method, b u t  can be  expec ted  t o  v a r y  widely 
from a c t u a l  o b s e r v a t i o n s .  P r e d i c t i o n s  w i l l  u s u a l l y  be c o n s e r v a t i v e  and 
unconserva t ive  i n  t h e  same manner a s  t h e  Area Increment  Method. 

Poo l -E leva t ion  Dura t ion  Method (1969).  Hobbfs  (1969) method i s  
based on t h e  premise  t h a t  r e s e r v o i r  o p e r a t i o n  and t h e  sediment g r a d a t i o n  
a r e  two of  t h e  most impor tan t  f a c t o r s  i n f l u e n c i n g  t h e  sediment  d i s t r i b u -  
t i o n .  I t  a l s o  assumed t h a t :  

2 .  When r e s e r v o i r  e l e v a t i o n s  a r e  between t h e  maximum and minimum 
i n f l o w i n g  sediment t r a n s p o r t e d  by medium and moderate f l o o d s  
w i l l  be d e p o s i t e d  over  a n  extended p e r i o d  o f  t ime  a c c o r d i n g  t o  
a  s t a t i s t i c a l  o r d e r  o f  co inc idence .  

2 .  The r e g u l a t i o n  o f  r a r e  f l o o d s  and the  r e s u l t i n g  d e p o s i t i o n  a t  
h i g h e r  e l e v a t i o n s  w i l l  be s i m i l a r .  

The procedure  r e q u i r e s  t h a t  t h e  geometry o f  t h e  r e s e r v o i r  b e  known 
i n  o r d e r  t h a t  e l e v a t i o n / c a p a c i t y  d a t a  can b e  developed.  The planned 
o p e r a t i n g  schedu le  i s  needed i n  o r d e r  t o  develop a  p o o l - e l e v a t i o n  dura- 
t i o n  g raph .  I t  i s  a l s o  necessa ry  t o  p r o j e c t  t h e  amount o f  sediment 
expec ted  t o  accumulate i n  t h e  r e s e r v o i r  and percen tage  o f  t h a t  sediment 
which i s  sand .  Based on t h e  pe rcen tage  of t ime  t h a t  t h e  r e s e r v o i r  i s  a t  
o r  below a  g iven  s t a g e ,  an  index i s  developed f o r  each e l e v a t i o n .  

4 F i g u r e  15-16 is  a  p l o t  of t h e s e  i n d i c e s  v e r s u s  t h e  cumulat ive  p e r c e n t  of 
t o t a l  accumulat ion wi th  t h e  d a t a  p l o t t e d  r e f l e c t i n g  a c t u a l  measurements 
i n  t h e  r e s e r v o i r s  i n d i c a t e d .  The sand  s c a l e  i s  d e r i v e d  from Figure  
15-17 which r e f l e c t s  d a t a  from 11 r e s e r v o i r s .  
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Figure  15-15. Reservoi r  t ype  de te rmina t ion .  



Figure 15-16. Distribution of sediment deposits in large reservoirs 



F i g u r e  15-17. Amount of sand vs. deposition above 5 percent pool. 



Based on t h e  sand s c a l e  a s  t h e  i n i t i a l  p l o t t i n g  p o i n t ,  a  cu rve  o f  
t h e  g e n e r a l  shape  of  e x i s t i n g  curves  i s  drawn. The index  and cumula t ive  
accumula t ion  i s  r e a d .  The upper  envelope i s  based on t h e  maximum rea -  
s o n a b l e  p e r c e n t  of  sand i n  t h e  d e p o s i t i o n  and t h e  lower  l i m i t  i s  e s t i -  
mated f o r  d e p o s i t s  where sand i s  an i n s i g n i f i c a n t  p e r c e n t a g e .  

The F o r t  Peck R e s e r v o i r  cu rve  was drawn based on f o u r  p e r c e n t  sand .  
The r e s u l t s  compared f a v o r a b l y  w i t h  a c t u a l  measurements and can b e  s e e n  
i n  Tab le  15-2. 

The geometry i s  cons ide red  a s  it r e l a t e s  t o  r e s e r v o i r  c a p a c i t y .  
The p e r c e n t a g e  of  sand v e r s u s  o t h e r  d e p o s i t i o n a l  m a t e r i a l ,  r e f l e c t s  a  
concern  f o r  sed iment  c h a r a c t e r i s t i c s .  R e s e r v o i r  o p e r a t i o n  i s  c o n s i d e r e d  
on a  t i m e l s t a g e  b a s i s .  

As it s t a n d s  now, t h e  method i s  based on l i m i t e d  d a t a .  I f  t h i s  
method i s  t o  be  c o n s i d e r e d  r e l i a b l e  f o r  g e n e r a l  a p p l i c a t i o n ,  much more 
t e s t i . n g  i s  r e q u i r e d .  No evidence h a s  been found t h a t  i n d i c a t e s  u s e  o r  
v e r i f i c a t i o n  s i n c e  i t  was pub l i shed  i n  1969.  

Garde,  Swamee, and D a l v i  Method (1978) .  The a u t h o r s  developed a  
scheme f o r  p r e d i c t i n g  p r o g r e s s i v e  d e l t a  fo rmat ion  u s i n g  t h e  i d e o g r a p h i c  
d e l t a  p r o f i l e  a s  a  model ( t o p s e t  and f o r e s e t  s l o p e s ) .  The f o c a l  p o i n t  
of  t h e  method i s  a n  e m p i r i c a l l y  d e r i v e d  e q u a t i o n  which i s  used t o  
e s t i m a t e  t h e  p r o g r e s s i v e  l o s s  o f  c a p a c i t y  (Swamee and Garde,  1977) .  

where V = i n i t i a l  volume 
0 

V = volume of  sediment  d e p o s i t e d  i n  t y e a r s  
S 

t, = t ime  i n  y e a r s  s i n c e  r e s e r v o i r  o p e r a t i o n  began 

t+, m ,  and n = c o n s t a n t s  f o r  a  g iven  r e s e r v o i r  

t,- = time when V = V ( r e s e r v o i r  f u l l  w i t h  sed iment )  
s 0 

m = s l o p e  of Vs/Vo v e r s u s  t on l o g - l o g  paper  

n  r e p r e s e n t s  t h e  d e p a r t u r e  from a  s t r a i g h t  l i n e  of t h e  p l o t  of  

Vs/Vo v e r s u s  t a t  approx imate ly  Vs/Vo e q u a l  t o  . 6 .  From 

a n a l y s i s  o f  r e s e r v o i r s  t h a t  have comple te ly  f i l l e d ,  n  e q u a l s  

approx imate ly  . 2 5 .  

Once t h e  c o n s t a n t s  a r e  e s t a b l i s h e d  i n  Equa t ion  15-2, t h e  sediment  can be 
d i s t r i b u t e d  i n  t h e  r e s e r v o i r  a t  any t ime  i n  accordance w i t h  F i g u r e  
15-18. T h i s  i s  accomplished u s i n g  t h e  assumed geometry d e f i n e d  i n  t h e  
f i g u r e  and e m p i r i c a l  r e l a t i o n s h i p s  between t h e  geomet r i c  v a r i a b l e s  and 
t ,  t,, and Vv ( t h e  cumula t ive  volume of  in f low p e r  u n i t  width  of  

r e s e r v o i r  a t  f u l l  r e s e r v o i r  l e v e l ) .  These r e l a t i o n s h i p s  a r e  based  on 
4 

l i m i t e d  d a t a .  



Table  15-2.  Es t imate  of d i s t r i b u t i o n  of sediment d e p o s i t s  u s i n g  poo l -  
e l e v a t i o n  d u r a t i o n  method. 

Es t imate  of D i s t r i b u t i o n  of Sediment Depos i t s  i n  F o r t  Peck R e s e r v o i r  
Missour i  R i v e r ,  Montana 

F i r s t  D i f f  Sediment 
Pool E l e v .  of Capaci ty  D i s t r i b u t i o n  
Dura t ion  Ac-Ft /5-f t  ~ a t i o ~  
( P e r c e n t  E l e v  Depth Depth ( c o l .  4 i Est imated Measured 
of ~ i r n e ) '  ( F t  MSL) ( F t )  Increment)  1 ,125,000)  (1%) (2%) 

P e r c e n t  of t ime p o o l  was a t  o r  below corresponding e l e v a t i o n  shown i n  
Column No. 2. 
R a t i o  i s  1 . 0  a t  t h e  95 p e r c e n t  p o o l .  
Values from Item No. 26 of R e s e r v o i r  Sediment Data Summary ( s e e  Curve 
3 F i g u r e  15-1) .  

r e l a t i n g  
fo l lows  : 

1. 

2.  

3 .  

4 .  

The method does a t t e m p t  t o  account  f o r  t h e  g e n e r a l  form of . d e l t a  
development, b u t  t h e  a n a l y s i s  has  n e g l e c t e d  c o n s i d e r a t i o n  of key f a c t o r s  

t o  t h a t  development. Shortcomings o f  t h e  methods a r e  a s  

Nethod i s  based on d a t a  from on ly  n i n e  r e s e r v o i r s .  

Reservo i r  o p e r a t i o n  i s  n o t  c o n s i d e r e d .  The maximum dep th  of 
wa te r  i s  t h e  on ly  s t a g e  r e f e r e n c e d .  

The t o t a l  in f low of sediment i s  computed, b u t .  no account  i s  
made of t h e  v a r i o u s  s i z e  f r a c l i o n s .  A l l  sediment  i s  c o n s i d e r -  
ed t o  form t h e  d e l t a .  

The d i s t r i b u t i o n  of sediment i s  based s t r i c t l y  on geometry.  
C o n t i n u i t y  of t h e  sediment is  n o t  main ta ined  a t  each  time i n -  
crement a s  no e f f o r t  i s  made t o  match t o t a l  sediment  d e p o s i t e d  
t o  t h e  c a p a c i t y  of t h a t  p a r t  of t h e  r e s e r v o i r  f i l l e d .  



5 .  The v a l u e  o f  pa ramete rs  needed t o  d e f i n e  t o p s e t  and f o r e s e t  
s l o p e s  a t  each t ime increment  v a r y  o v e r  a  wide range .  The un- 
c e r t a i n t y  involved i n  assuming v a l u e s  f o r  t h e s e  pa ramete rs  
l imits  t h e  a p p l i c a t i o n  of t h e  method i n  r e s e r v o i r  d e s i g n .  

6.  The a u t h o r s  make no mention of t h e  t y p e  of r e s e r v o i r  modeled. 
Without i n v e s t i g a t i n g  each r e s e r v o i r ,  it a p p e a r s  t h a t  t h e  
method r e l a t e s  t o  a  normal ly  ponded c o n d i t i o n ,  where a  l a r g e  
pe rcen tage  of t h e  i n f l o w i n g  sediment  i s  sand o r  l a r g e r .  

Based on t h e  degree  o f  empir ic ism used ,  more d a t a  from e x i s t i n g  
r e s e r v o i r s  must be  inc luded  b e f o r e  t h e  method i s  used f o r  p r e d i c t i o n  of 
d e p o s i t i o n  p r o f i l e s  i n  r e s e r v o i r s  under d e s i g n .  The t y p e s  of r e s e r v o i r s  
f o r  which it i s  a p p l i c a b l e  must be  c l e a r l y  d e l i n e a t e d .  

F i g u r e  15-18. R e p r e s e n t a t i v e  s e c t i o n  of d e p o s i t i o n  p r o f i l e s .  

Mangla R e s e r v o i r  Sedimentat ion (1973) .  The method p r e s e n t e d  
(Szechowycz and Quresh i ,  1973) t a k e s  i n t o  account  t h o s e  known c h a r a c t e r -  
i s t i c s  of d e l t a  fo rmat ion  a s  a  f u n c t i o n  of t ime  i n  o r d e r  t o  p r e d i c t  t h e  
u s e f u l  l i f e  of a  r e s e r v o i r .  The method i s  a p p l i e d  t o  t h e  Mangla Reser-  
v o i r  i n  West P a k i s t a n .  Key p o i n t s  of t h e  method f o l l o w .  

1. Sediment in f low c o n c e n t r a t i o n  and composi t ion a r e  e s t a b l i s h e d  
by f i e l d  t e s t s .  Composition i s  c o n s i d e r e d  t o  be c o n s t a n t  a t  
a l l  f l o w s ,  b u t  t h e  c o n c e n t r a t i o n  i s  f i t t e d  t o  a n  e q u a t i o n  of 
t h e  gene ra l  form 

where Qs = sediment load 
a  = a  parameter  
Q = t o t a l  in f low 



The s p e c i f i c  weight  of t h e  sediment was c a l c u l a t e d  us ing  t h e  
Lane and Koelzer  (1953) formula .  An average v a l u e  was used 
f o r  a l l  sediment .  

Reservo i r  o p e r a t i o n  i s  considered t o  be d e t e r m i n i s t i c  and 
c y c l i c  on an  annual  b a s i s .  E l e v a t i o n s  were a l lowed t o  range 
between t h e  normal pool l e v e l  and a  p r o j e c t e d  drawdown l e v e l .  

The d e l t a  was considered t o  be formed s t a r t i n g  a t  t h e  r i .ver-  
r e s e r v o i r  j u n c t u r e .  During h igh  fl.ow, t h e  d e l t a  would pro-  
g r e s s i v e l y  move i n t o  t h e  r e s e r v o i r  from t h i s  j u n c t u r e .  The 
sand and 25 p e r c e n t  of t h e  s i l t  p a r t i c l e s  were cons idered  t o  
form t h e  d e l t a .  The d e l t a  s l o p e  was based on a dominant 
d i s c h a r g e ,  t h e  c o a r s e  l o a d ,  median s i z e  of t h e  c o a r s e  l o a d ,  
channel  wid th ,  and dep th  of t h e  dominant d i . scharge.  

The p a t t e r n  of d e p o s i t i o n  of t h e  f i n e  f r a c t i o n s  ( t h e  c l a y  and 
75 p e r c e n t  of t h e  s i l t )  i s  n o t  determined exccp t  t h a t  t h e y  a r e  
d e p o s i t e d  downstream from t h e  d e l t a  fo rmat ion .  The percen tage  
t rapped  i s  determined u s i n g  t h e  method developed by Brune 
(1953).  

Th i s  method i s  t h e  on ly  e m p i r i c a l  procedure  d i s c u s s e d  which b a s e s  
t h e  d e p o s i t i o n  p a t t e r n  i n  t h e  r e s e r v o i r  on t h e  c h a r a c t e r i s t i c s  of t h e  
p r o c e s s e s  which occur  r a t h e r  t h a n  a t t e m p t i n g  t o  c o r r e l a t e  a  f u t u r e  
p a t t e r n  t o  t h e  p r o f i l e s  formed i n  e x i s t i n g  r e s e r v o i r s .  Even though t h e  
p rocesses  a r e  based on e m p i r i c a l  evidence and t r e a t e d  e m p i r i c a l l y  w i t h i n  
t h e  model, t h e y  p rov ide  a  b e t t e r  r e p r e s e n t a t i o n  of t h e  sed imenta t ion  
p rocess  t h a n  do t h e  c o r r e l a t i o n  models d i s c u s s e d .  By be ing  a b l e  t o  
d i s c e r n  t h e  c h a r a c t e r i s t i c s  of t h e  r e s e r v o i r  be ing  p lanned ,  t h e  associ . -  
a t e d  p r o c e s s e s  can be accounted f o r ,  producing a  model wi th  reasonab le  
p r e d i c t i v e  c a p a b i l i t i e s . '  

A n a l y t i c a l  Models 

An a n a l y t i c a l  model i n d i c a t e s  t h e  use of a p p r o p r i a t e  e q u a t i o n s  of 
f low and sediment movement t o  d e s c r i b e  t h e  p r o c e s s e s  a f f e c t i n g  sediment 
d e p o s i t i o n .  T h i s  t y p e  model r e q u i r e s  an  e x a c t  knowledge o f  t h e  
mechanics o f '  t h e  p r o c e s s e s  and an a b i l i t y  t o  r e p r e s e n t  t h e s e  p r o c e s s e s  
and t h e i r  i n t e r a c t i o n s  mathemat ica l ly .  Due t o  t h e  complexi ty  of t h e  
system, a  t o t a l l y  a n a l y t i c a l  d e p o s i t i o n  model has n o t  been forrnulaLed. 
Empiricism has  been used t o  b r i d g e  t h e  gaps whcre adequate  a n a l y t i c a l  
e x p r e s s i o n s  a r e  l a c k i n g .  Viable  a n a l y t i c a l  techniques  t o  d a t e  have been 
o f f s h o o t s  of t h e  mechanics of r i v e r s .  Both flow and sedi.ment t r anspor t ;  
t echn iques  have been adapted t o  t h e  r e s e r v o i r  sys tem.  A s  a  r e s u l t  of 
t h i s  g e n e r a l  t r e n d ,  t h e  methods can on ly  be  a p p l i e d  up t o  t h e  p o i n t  
where t h e  flow i n  t h e  r e s e r v o i r  can be approximated by a n  en la rged  
r i v e r .  Th i s  b a s i c a l l y  limits t h e i r  use  t o  narrow, run-of - t h e - r i v e r  
r e s e r v o i r s .  The p a t t e r n s  of f low i n  o t h e r  t y p e s  of r e s e r v o i r s  a r e  
extremely d i f f i c u l t  t o  fo rmula te  a n a l y t i c a l l y .  

An impor tan t  c h a r a c t e r i s t i c  of t h e s e  methods i s  t h a t  t h e y  r e q u i r e  
c a l i b r a t i o n  an.d v e r i f i c a t i o n .  The parameters  of t h e  v a r i o u s  e q u a t i o n s  
must be manipulaLed u n t i l  t h e  model can reproduce o b s k r v a t i o n s  i n  t h e  



f i e l d .  These pa ramete rs  u s u a l l y  can t a k e  on a  wide range of v a l u e s  
making c a l i b r a t i o n  d i f f i c u l t .  As a r e s u l t ,  a p p l i c a t i o n  f o r  p r e d i c t i n g  
d e p o s i t i o n  i n  a  p lanned r e s e r v o i r  i s  ext remely l i m i t e d .  

A major problem a s s o c i a t e d  w i t h  t h e  e x t r a p o l a t i o n  o f  r i v e r  
mechanics t o  t h e  r e s e r v o i r  i s  t h e  accuracy of r i v e r  sediment formulas  t o  
a c c u r a t e l y  p r e d i c t  r i v e r  responses .  The f o l l o w i n g  s t a t e m e n t  summarizes 
t h e i r  r e l i a b i l i t y  i n  a  r i v e r  system: 

- -. 
There  have been many e q u a t i o n s  developed f o r  t h e  e s t i m a t i o n  of 

-... . -- - bed m a t e r i a l  t r a n s p o r t .  The v a r i a t i o n  i n  t h e  magnitude of t h e  
bed-mate r ia l  d i s c h a r g e  t h a t  t h e s e  e q u a t i o n s  p r e d i c t  i s  tremen- 
dous .  For  t h e  same d i s c h a r g e ,  t h e  p r e d i c t e d  d i s c h a r g e  can 
have a  100 f o l d  d i f f e r e n c e  between t h e  s m a l l e s t  and t h e  l a r g -  
e s t  v a l u e .  T h i s  should  n o t  be  unexpected g iven  t h e  number of 
v a r i a b l e s ,  t h e  i n t e r r e l a t i o n s h i p  between them, t h e  d i f f i c u l t y  
of measuring many of t h e  v a r i a b l e s ,  and t h e  s t a t i s t i c a l  n a t u r e  
of bed m a t e r i a l  t r a n s p o r t  (Karaki ,  Mahmood, Richardson ,  
Simons, and S t e v e n s ,  1974).  

A p p l i c a t i o n  of such formulas t o  a more complex system can on ly  d e c r e a s e  
t h e i r  r e l i a b i l i t y .  

A n a l y t i c a l  models have c h a r a c t e r i s t i c a l l y  t a k e n  two b a s i c  forms 
(Lopez, 1978) 

1. Type I :  A s i m p l i f i e d  form of t h e  d i f f e r e n t i a l  e q u a t i o n  
r e p r e s e n t i n g  f low c o n t i n u i t y  i s  used t o  make backwater compu- 
t a t i o n s  and,  t h u s ,  f low a t  v a r i o u s  c r o s s  s e c t i o n s .  Bas ic  
sediment t r a n s p o r t  e q u a t i o n s  a r e  used t o  r o u t e  t h e  sediment 
i n f l o w .  The sediment d e p o s i t e d  i n  a  g iven  r e a c h  i s  t h e  d i f -  
f e r e n c e  between t h e  t r a n s p o r t  c a p a c i t y  a t  t h e  beg inn ing  and 
end o f  t h e  reach .  S p e c i f i c  methodologies  have been developed 
by Fowler (1957) ,  Thomas (1970),  Yucel and G r a f t  (1973) ,  Asada 
(1973) ,  and Hurs t  and Chao (1975) .  

2 .  Type 11: The d i f f e r e n t i a l  e q u a t i o n s  d e p i c t i n g  t h e  one-dimen- 
s i o d a l  e q u a t i o n s  of c o n t i n u i t y  of w a t e r  and sediment and t h e  
momentum e q u a t i o n  f o r  sediment- laden wate r  a r e  used i n  con- 
j u n c t i o n  w i t h  sediment t r a n s p o r t  and bed f r i c t i o n  e q u a t i o n s .  
The e q u a t i o n s  a r e  so lved  a t  s p e c i f i e d  t ime i n t e r v a l s  us ing  
numerical  t e c h n i q u e s .  The s o l u t i o n  can be  coupled o r  uncoupl- 
e d .  A coupled s o l u t i o n  s o l v e s  t h e  flow and sediment t r a n s p o r t  
e q u a t i o n s  t o g e t h e r  a t  each s t e p .  I n  t h e  uncoupled s o l u t i o n ,  
t h e  f low i s  determined f i r s t  and,  based on t h e s e  c a l c u l a t e d  
f lows ,  t h e  sediment i s  rou ted  th rough  t h e  r e s e r v o i r .  Chang 
and Richards  (1971),  Garde and Swamee (1972) ,  and Lopez (1978) 
employed t h e s e  p r i n c i p l e s  i n  developing models.  

The f o l l o w i n g  paragraphs  d e s c r i b e  v a r i o u s  a n a l y t i c a l  t echn iques  
which r e p r e s e n t  , the  d i f f e r e n t  approaches .  They a r e  p r e s e n t e d  t o  p o i n t  . 
o u t  t h e  importance of e s t a b l i s h i n g  t h e  dominant p r o c e s s e s ,  c l a r i f y  t h e  
methodologies ,  and review some of t h e  p e r t i n e n t  e q u a t i o n s  u t i l i z e d .  



P a t  
t h e  

M e r r i l l  Models (1974). M e r r i l l  a t tempted t o  p r e d i c t  d e p o s i t i o n  
t e r n s  i n  r e s e r v o i r s  by assuming t h a t  t h e  p r o c e s s  could  be modeled by 
two dimensional  d i f f u s i o n  e q u a t i o n  

where C = t h e  sediment c o n c e n t r a t i o n  
x and y  = t h e  longi . tudina1 and l a t e r a l  d i r e c t i o n s ,  r e s p e c t i v e l y  
t = time 
k and k = t h e  d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  x and y 
X 

d i r e c t y o n s ,  r e s p e c t i v e l y  

The r e s e r v o i r  i.s d iv ided  i n t o  two dimensional  c e l l s  t o  f a c i l i . t a t e  t h e  
f i n i t e - d i f f e r e n c e  s o l u t i o n  t o  Equat ion 15-4. The dep th  o f  each c e l l  i s  
n o t  cons idered  t o  a f f e c t  t h e  d i . f fus ion  p rocess  and i s  cons idered  ex- 
p l . i c i t l y  a s  it r e l a t e s  t o  volume and c o n c e n t r a t i o n .  

A t  t = 0 , a  s l u g  o f  sediment i s  in t roduced  a t  t h e  head o f  t h e  
r e s e r v o i r .  Th i s  volume of  sediment i s  h e l d  c o n s t a n t  f o r  t h e  e n t i r e  
p e r i o d  of a n a l y s i s .  The sediment i s  d i f f u s e d  by an  i t e r a t i v e  p r o c e s s  
u n t i l  a  predetermined t r a p  e f f i c i e n c y  i s  s a t i s f i e d .  A t  t h i s  t ime  i t  is  
assumed t h a t  a l l  sediment i n  suspens ion  s e t t l e s  t o  a  l o c a t i o n  immediate- 
l y  below i t s  p r e s e n t  p o s i t i o n .  Th is  additional t h i c k n e s s  i s  added t o  
t h e  p rev ious  e l e v a t i o n  ass igned  t o  a  c e l l  and,  t h u s ,  t h e  new r e s e r v o i r  
shape i s  a c q u i r e d .  

An i n c r e a s e  i n  t h e  s o p h i s t i c a t i o n  of t h e  s o l u t i o n  p r o c e s s  does  n o t  
always c o r r e l a t e  d i r e c t l y  w i t h  improved r e s u l t s .  The a u t h o r  does look  
a t  t h e  problem i n  two dimensions and even v a r i e s  t r a p  e f f i c i e n c y  a s  t h e  
c a p a c i t y  of t h e  r e s e r v o i r  i s  d e p l e t e d .  Beyond t h e s e  two d e s i r a b l e  
f e a t u r e s ,  n o t  much p o s i t i v e  can be s a i d  about. t h e  model fo rmula t ion  

1. Reservo i r  o p e r a t i o n  i s  n o t  cons idered .  The poo l  e l e v a t i o n  i s  
h e l d  c o n s t a n t  over  a  long p e r i o d  of a n a l y s i s  ( t e n  y e a r s  
minimum). 

2 .  No r e a l  e f f o r t  i s  made t o  d i s t i n g u i s h  between t h e  d i f f e r e n t  
sediment c h a r a c t e r i s t i c s .  Sand and t h e  l a r g e r  s i l t  p a r t i c l e s  
w i l l  obv ious ly  n o t  d i f f u s e  a s  r a p i d l y  a s  t h e y  w i l l  s e t t l e  from 
suspens ion .  These s e t t l i n g  p r o p e r t i e s  a r e  n o t  c o n s i d e r e d .  
The d i f f u s i o n  c o e f f i c i e n t s  used a r e  t h e  same f o r  a l l  f r a c t i o n s  
and a l l  d i r e c t i o n s .  No d i s t i n c t i o n  is  made between t h e  con- 
s o l i d a t i o n  p r o p e r t i e s  of t h e  d i f f e r e n t  f r a c t i o n s .  

3. The two r e s e r v o i r s  modeled rece ived  a  sediment  l o a d  which was 
predominant ly  f i n e  g r a i n e d ,  making t h e  bottom t y p e  d e p o s i t  
predominant.  The e f f e c t  of d e n s i t y  f low was n o t  c o n s i d e r e d .  

4 .  The paramount shortcoming of t h i s  method i s  t h e  assumption 
t h a t  t h e  movement and d e p o s i t i o n  of sediment w i t h i n  t h e  
r e s e r v o i r  can be  viewed t o t a l l y  a s  a  d i f f u s i o n  p r o c e s s .  
D i f f u s i o n  js of minor importance when compared t o  o t h e r  pro-  
c e s s e s  a f f e c t i n g  sediment d i s t r i b u t i o n .  The f a l l  v e l o c i t i e s  



a l o n e  w i l l  o u t  weight  t h e  e f f e c t  of such an assumed d i f f u s i o n  
p r o c e s s .  The method a l lows  on ly  t h e  sediment t o  f low through 
t h e  wa te r  wi thou t  c o n s i d e r i n g  t h e  movement of wa te r  w i t h  t h e  
sediment  e n t r a i n e d .  

I t  must be s a i d  t h a t  t h i s  proposed model i s  an e x c e l l e n t  example of 
knowing t h e  answer,  choosing a method of s o l u t i o n ,  and making t h a t  
method reproduce t h e  answer.  Any agreement between model o u t p u t  and 
observed d a t a  has  t o  be t h e  r e s u l t  of c o e f f i c i e n t  s e l e c t i - o n  and s e l e c -  
t i v e  empir ic ism.  

A n a l y t i c a l  S t e p  Method (1957). Th is  i s  a  Type I model. I t  i s  one 
of t h e  e a r l i e s t  a t t e m p t s  t o  r o u t e  sediment through a  r e s e r v o i r  u s i n g  
a n a l y t i c a l  r e l a t i o n s h i p s .  The procedure  r e l a t e s  t h e  d i f f e r e n c e  between 
t h e  sediment  t r a n s p o r t  c a p a b i l i - t i e s  o f  a  r i v e r  under n a t u r a l  c o n d i t i o n s  
t o  t h o s e  e x i s t i n g  a f t e r  t h e  r e s e r v o i r  i s  i n  o p e r a t i o n .  I t  i s  based on 
t h e  f o l l o w i n g  r e l a t i o n s h i p  developed by Rouse 

where C =  
U, = 

W = 
11 = 

sediment c o n c e n t r a t i o n  
s h e a r  v e l o c i t y  
f a l l  v e l o c i t y  
dep th  of f low 

The d e p t h  i s  cons idered  t o  be of l e s s  s i g n i f i c a n c e  t h a n  U,/w and i s  
n e g l e c t e d .  I t  i s  assumed t h a t  t h e  c o n c e n t r a t i o n  r a t i o  w i l l .  be 

where 1 deno tes  t h e  c r o s s  s e c t i o n  a t  tile r i v e r - r e s e r v o i r  j u n c t u r e  and 
n  i s  any d e l i n e a t e d  c r o s s  s e c t i o n  downstream from 1 .  If t h e  d i f f e r e n t  
f r a c t i o n s  a r e  rou ted  s e p a r a t e l y ,  then  t h e  f a l l  v e l o c i t y  a t  any s e c t i o n  
i s  c o n s t a n t .  There fore  

U,l corresponds t o  a  f u l l y  s a t u r a t e d  c o n d i t i o n .  C1 u s u a l l y  does  n o t  

r e f l e c t  t h e  f u l l y  s a t u r a t e d  suspended load  due t o  l i m i t a t i o n s  on t h e  
s o u r c e  of t h e  wash l o a d .  Assuming t h a t  U., c r i t i c a l ,  co r responding  t o  
a  fully s a t u r a t e d  condi . t ion,  i s  a  c o n s t a n t  f o r  a gi.ven p a r t . i c l e  s i z e  
w i t h i n  t h e  normal.ly exper ienced  l i m i t s  o f  a n  a l l u v i a l  c h a n n e l ,  i.t i.s 
determined g r a p h i c a l l y  by p l o t t i n g  U_;l v e r s u s  C1 f o r  s e v e r a l  r i v e r s .  

I t  i s  t h e  v a l u e  t h a t  UYrrl has when C1 becomes a  c o n s t a n t .  Then 



and U,l , i s  a  c o n s t a n t  f o r  each s i z e  f r a c t i o n .  Given t h e  in f low 
c o n c e n t r a t i o n  C1 and t h a t  

U, = JghS ( 15-9) 

where g  = g r a v i t a t i o n a l  c o n s t a n t  
S = wate r  s u r f a c e  s l o p e  

and h  and S a r e  determined from backwater computa t ions ,  t h e n  t h e  
d i f f e r e n c e  i n  sediment  t r a n s p o r t  a t  t h e  beg inn ing  and end o f  a  r each  
g i v e s  t h e  sediment  d e p o s i t e d  w i t h i n  t h e  reach .  The sediment  i s  d i s t r i b -  
u t e d  and t h e  new channe l  and f low c h a r a c t e r i s t i c s  a r e  used t o  c a l c u l a t e  
t h e  backwater p r o f i l e  and sediment t r a n s p o r t  c a p a b i l i t i e s  f o r  t h e  n e x t  
i t e r a t i o n .  

The method was a p p l i e d  i n  t h e  d e s i g n  phase  t o  a  r u n - o f - t h e - r i v e r ,  
t h e  Dardane l l e  R e s e r v o i r ,  a  n a v i g a t i o n  and power poo l  on t h e  Arkansas 
R i v e r .  Due t o  t h e  p o s s i b l e  v a r i a t i o n s  i n  t h e  method and t h e  v a r i o u s  
assumpt ions  which c r e a t e  l a r g e  d i s c r e p a n c i e s  i n  t h e  f i n a l  r e s u l t s ,  t h e  
method was deemed of q u e s t i o n a b l e  r e l i a b i l i t y  (Corps of  E n g i n e e r s ,  
L i t t l e  Rock D i s t r i c t ,  1957) .  

S e v e r a l  key f a c t o r s  a r e  accounted f o r  i n  t h i s  methodology, b u t  i t  
i s  of l i m i t e d  u s e  u n l e s s  it i s  c a l i b r a t e d  u s i n g  f i e l d  d a t a  and t h e  
v a l i d i t y  o f  t h e  assumpt ions  i s  v e r i f i e d .  

Lopez Model (1978) .  T h i s  work r e p r e s e n t s  a  r i g o r o u s  a t t e m p t  t o  
account  f o r  t h e  f low and sediment c h a r a c t e r i s t i c s ,  t h e  r e s e r v o i r  
geometry,  and r e s e r v o i r  o p e r a t i o n  i n  p r e d i c t i n g  t h e  volume and p a t t e r n  
of  d e p o s i t i o n  i n  a  r e s e r v o i r  u s i n g  t h e  Type I1 approach.  The p rocedure  
developed c o n s i s t s  of  two s t e p s .  

1. The r o u t i n g  of  wa te r  th rough  t h e  e n t i r e  sys tem,  which i s  
d e p i c t e d  s c h e m a t i c a l l y  i n  F i g u r e  15-19, uses  t h e  gradua1l.y 
v a r i e d ,  uns teady flow and momentum e q u a t i o n s  f o r  sediment-  
l a d e n  w a t e r .  The f low e q u a t i o n  i s  expressed  a s  

where Q = d i s c h a r g e  of  sediment- laden wa te r  
A = c r o s s - s e c t i o n a l  area of  t h e  channel  

Ad = volume of  d e p o s i t i o n  o r  e r o s i o n  of  sediment  p e r  
u n i t  l e n g t h  of  channe l  

qL = l a t e r a l  in f low of  sed iment - l aden  wa te r  i n t o  t h e  
s t r eam 

x = d i s t a n c e  a long  t h e  channel  bed measured i n  t h e  
downstream d i r e c t i o n  

t = t ime  
aAd/at  i s  cons ide red  much l e s s  t h a n  aA/at and t h e  

e q u a t i o n  becomes 



Trans i t~on  
R i v e r  Reservoir 

Upslrecm 
Boundory 

-- - 

j - l  j j + I  
Nominal Boundary Nom~nol Eoundary 
of Jet o i  Diver  Fieservoir 

Sy ;!em 

Upslream a1  Flan V ~ e w  

Figure 15-19. The river-reservoir system i.a.w., the Lopez Plodel. 



The momentum e q u a t i o n  f o r  sediment- laden wate r  i s  

where V = mean flow v e l o c i t y  
g = g r a v i t a t i o n a l  c o n s t a n t  
p = d e n s i t y  of sediment- laden wate r  
$ = momentum c o r r e c t i o n  f a c t o r  f o r  v e l o c i t y  

d i s t r i b u t i o n  
h  = f low depth  
S = f r i c t i o n  s l o p e  

V = v e l o c i t y  component of t h e  l a t e r a l  f low i n  t h e  L 
x - d i r e c t i o n  

I t  i s  assumed t h a t  ap/ax = a p / a t  = 0 and t h e  e q u a t i o n  becomes 

These e q u a t i o n s  a r e  so lved  u s i n g  a  l i n e a r - i m p l i c i t  scheme of 
f i n i t e  d i f f e r e n c e s  f o r  each x over  each t g iven  t h e  d i s -  
charge a t  t h e  upstream boundary and t h e  outf low a t  t h e  down- 
s t ream boundary ( t h e  dam). The r e s u l t s  g i v e  Q and h  a t  
each s p e c i f i e d  c r o s s  s e c t i o n .  For  t h i s  s t e p  t h e  e n t i r e  system 
i s  t r e a t e d  a s  a  s i n g l e  channel .  

Flow i n  t h e  t r a n s i t i o n  reg ion  i s  cons idered  t o  be 
r e p r e s e n t a t i v e  of a  two-dimensional submerged j e t .  The ve lo -  
c i e t y  changes a s s o c i a t e d  wi th  j e t  expansion a r e  accounted f o r  
by u s i n g  j e t .  t h e o r y  i n  con junc t ion  w i t h  some s i m p l i f y i n g  
assumptions .  

2 .  The second s t e p  uses  t h e  flow r a t e s  determined i n  s t e p  one t o  
r o u t e  t h e  sediment w i t h i n  t h e  r e s e r v o i r  sys tem.  The b a s i c  
e q u a t i o n  used i s  t h e  sediment c o n t i n u i t y  e q u a t i o n  

where Qs = t o t a l  sedimenC load i n  u n i t s  of volume p e r  u n i t  
time 

P = volume of sediment i n  a  u n i t  volume of  bed l a y e r  
C = average sediment concentration i n  t h e  c r o s s  set- s  

t i o n  on a  volume b a s i s  

q ~ ~ ,  = l a t e r a l  sediment i n f l o w  i n t o  t h e  s t ream 

The r e s e r v o i r  i s  d i v i d e d  i n t o  m channels  a s  p e r  F i g u r e  15-19. The 
t o t a l  f low a t  a  c r o s s  s e c t i o n  i s  d i v i d e d  i n t o  t h e s e  channe l s  by m u l t i -  
p1.yi.ng t h e  t o t a l  flow. by t h e  conveyance o f  t h e  sub-channel d i v i d e d  by 
t h e  conveyance o f  t h e  e n t i r e  channe l .  The sediment  c o n t i n u i t y  e q u a t i o n  
becomes 



m 
aAdm BAC s 

+ P m a t + - -  a x  a t  4, m + 4 s  (m-1) 
= 0 

m max 

where qs = sediment  t r a n s f e r  between channe l s  
m 

The q- terms a r e  e v a l u a t e d  by f i r s t  s o l v i n g  t h e  c o n t i n u i t y  e q u a t i o n  
b 

f o r  flo"w between channe l s  9, 
a t  t h e  v a r i o u s  c r o s s  s e c t i o n s  i n  t h e  

d i v i d e d  r e s e r v o i r  and t h e n  s u b s t i t u t i n g  them i n t o  t h e  e q u a t i o n  r e p r e -  
s e n t i n g  l a t e r a l  d i s c h a r g e  

where C '  = suspended sediment c o n c e n t r a t i o n  i n  t h e  l o n g i t u d i n a l  
S d i r e c t i o n  a t  s e c t i o n  a a '  

k = d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  sediment  p a r t i c l e s  i n  t h e  
l a t e r i a l  d i r e c t i o n  

d  = ,average f low dep th  
act 
a y  

= suspended sediment  c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  l a t e r a l  
d i r e c t i o n  

I n  o r d e r  t o  e v a l u a t e  P t h a t  v a r i e s  accord ing  t o  sediment  
g r a d a t i o n ,  t h e  s p e c i f i c  weight  of t h e  d e p o s i t e d  sediments  i s  cons idered  
a  v a r i a b l e  (weightjvolurne). Equa t ion  15-15 becomes 

Now Q and qs a r e  expressed  i n  u n i t s  o f  weight  p e r  u n i t  t ime 
S m m 

and ys i s  t h e  ( s p e c i f i c  weight  o f  t h e  t r a n s p o r t e d  sediment  (assumed t o  

m 
be  165.36 l b j f t  based on a  s p e c i f i c  g r a v i t y  of 2 . 6 5 ) .  D i f f e r e n t  s i z e  
f r a c t i o n s  a r e  r o u t e d  s e p a r a t e l y  and yd i s  c o r r e c t e d  a t  each t ime 
s t e p .  m 

The boundary c o n d i t i o n  needed t o  s o l v e  Equat ion 15-17 i s  t h e  i n f l o w  
sediment  hydrograph. The in f lowing  sediment  Qs i s  r e l a t e d  t o  t h e  
in f low v e l o c i t y  U by t h e  fol.lowing r e l a t i o n s h i p  

where e and f  a r e  pa ramete rs  which have t o  be c a l i b r a t e d  from f i e l d  
su rveys  o r  from a v a i l a b l e  e q u i l i b r i u m  d a t a .  ,This c o r r e l a t i o n  i s  made 
f o r  each sediment s i z e  c o n s i d e r e d .  

\ 

The v a l u e s  o f  a l l  v a r i a b l e s  a r e  known e x c e p t  f o r  Ad,,,. Equat ion 
... 

1 5 - 1 7  can now he so lved  f o r  a l l  sub-channels  i n  a l l .  r eaches  f o r  each  A t .  



Problems a s s o c i a t e d  w i t h  t h e  use  of t h i s  method f o l l o w s  

I .  Th is  method r e l a t e s  t o  a  system where t h e  dominant movement of 
wa te r  i s  through t h e  r e s e r v o i r  a t  each l a t e r a l  c r o s s  s e c t i o n  
and t h e  r e s e r v o i r  system i s  merely an expanded channe l .  Th i s  
s i t u a t i o n  i s  l i m i t e d  t o  narrow, r u n - o f - t h e - r i v e r  type 
impoundments. 

2 .  I t  n e g l e c t s  t h e  e f f e c t  of d e n s i t y  f low 

3 .  The p r o c e s s  of d e l t a  fo rmat ion  i s  n o t  addressed .  The approach 
used may c l o s e l y  approximate a  narrow r e s e r v o i r ,  b u t  t h e  
a v u l s i o n  p r o c e s s  must be cons idered  i n  t h e  wider  r e s e r v o i r s .  

4 .  The d e n s i t y  of t h e  d e p o s i t e d  sediment i s  cons idered  and 
modif ied a f t e r  each t t o  account  f o r  r e d i s t r i b u t i o n  of 
sediment s i z e s  i n  each reach ,  b u t  t h e  c o n s o l i d a t i o n  w i t h  t ime 
of  und is tu rbed  sediment i s  n o t  cons idered .  

5 .  The f r i c t i o n  s l o p e  i s  cons idered  c o n s t a n t  a c r o s s  t h e  e n t i r e  
c r o s s  s e c t i o n  which i s  a  d i f f i c u l t  assumption t o  s a t i s f y  i n  
t h e  f i e l d .  

6 .  The uncoupled r o u t i n g  p rocess  n e g l e c t s  t h e  e f f e c t  of t h e  
change of wa te r  d e n s i t y  on flow w i t h i n  t h e  r e s e r v o i r .  

7 .  I f  a l l  assumptions made s a t i s f y  t h e  r e s e r v o i r  system be ing  
modeled, c a l i b r a t i o n  of t h e  model. becomes a  major e f f o r t  
a .  The v a l u e  of Manning's n  has  t o  be determined f o r  each 

s u b s e c t i o n  of t h e  system. 
b .  J e t  width  c o n s t a n t s  must be de te rmined .  
c .  The sediment t r a n s p o r t  parameters  e  and f must be  

determined f o r  each sediment s i z e  f r a c t i o n .  
d .  The d i f f u s i o n  c o e f f i c i e n t  must be specified. 

This  i s  no easy  t a s k .  Plany computer runs  a r e  needed f o r  t h e  p r o c e s s  o f  
choosing paramete rs  and t h e n  v e r i f y i n g  t h e  r e s u l t s  by checking t h e  
model 's  a b i l i t y  t o  reproduce a known d e p o s i t i o n  p a t t e r n .  

The model a n a l y t i c a l l y  accounts  f o r  s e v e r a l  of t h e  impor tan t  
p r o c e s s e s  a f f e c t i n g  r e s e r v o i r  sed imenta t ion .  By fo l lowing  t h e  method 
one can develop a n  unders tand ing  and a p p r e c i a t i o n  f o r  t h e  mechanics of 
f low and d e p o s i t i o n  i n  a r e s e r v o i r .  The method i s  l imit .ed i n  a p p l i c a -  
t i o n  t o  systems f o r  which t h e  assumptions  a r e  approximately  s a t i s f i e d  
i . e . ,  narrow run-of - the - r ive r  r e s e r v o i r s .  When assumptions  a r e  
s a t i s f i e d  a p p l i c a t i o n  i s  d i f f i c u l t  due t o  c a l i b r a t i o n  requ i rements .  I t s  
a p p l i c a t i o n  f o r  p r e d i c t i n g  t h e  d e p o s i t i o n  i n  r e s e r v o i r s  under  d e s i g n  i s  
s e v e r e l y  l i m i t e d  due t o  t h e  requirement  of model v e r i f i c a t i o n  us ing  
e x i s t i n g  d a t a .  N e v e r t h e l e s s ,  t h e  model p rov ides  v a l u a b l e  i n s i g h t s  i n t o  
t h e  cornplexi t jes  of t h e  r e s e r v o i r  system. 

15.4 CONCLUSIONS 

Volume of d e p o s i t i o n  has  been reasonably  c o r r e l a t e d  t o  average 
d e t e n t i o n  t ime i n  normal ly  ponded r e s e r v o i r s .  The r u n - o f - t h e - r i v e r  and 



semi-dry r e s e r v o i r s  have n o t  been a d e q u a t e l y  a d d r e s s e d .  Due t o  t h e  
r e l a t i v e  independence.  of  d e l t a i c  d e p o s i t i o n  from t h e  e f f e c t s  of 
r e s e r v o i r  c i r c u l a t i o n ,  d e l t a  fo rmat ion  and c h a r a c t e r i s t i c s  a r e  much 
b e . t t e r  unders tood  t h a n  t h o s e  o f  t h e  bottom d e p o s i t s .  

The a n a l . y t i c a l l y  d e r i v e d  methodologies  a r e  l i r n i t e d  t o  run-of - the -  
r i v e r  c o n d i t i o n s  i n  narrow r e s e r v o i r s .  T h e i r  a p p l i c a t i o n  i s  f u r t h e r  
l i m i t e d  by t h e  requ i rements  o f  e x t e n s i v e  c a l i b r a t i o n  and v e r i f i c a t i o n .  
A p p l i c a t i o n  i n  t h e  d e s i g n  phase  of a  r e s e r v o i r  p r o j e c t  i s  t enuous  a t  
b e s t .  E m p i r i c a l  methods developed t o  p r e d i c t  d e p o s i t i o n  p a t t e r n s  a r e  
based on l i m i t e d  d a t a  and,  f o r  t h e  most: p a r t ,  a t t e m p t  t o  t r a n s l a t e  
p a t t e r n s  i n  e x i s t i n g  r e s e r v o i r s  t o  p lanned r e s e r v o i r s  w i t h o u t  due con- 
s i d e r a t i o n  of  t h e  unique c h a r a c t e r i s t i c s  of t h e  proposed p r o j e c t .  The 
p rocedure  used t o  p red i . c t  d e p o s i t i o n  i n  t h e  Mangla R e s e r v o i r  d e v i a t e s  
from t h e  g e n e r a l  t r e n d  u t i l i z e d  i n  t h e  development of  e m p i r i c a l  models 
i n  t h a t  t h e  p r o c e s s e s ,  r a t h e r  t h a n  r e s e r v o i r  r e s u r v e y s ,  were u t i l i z e d  t o  
p r e d i c t  p a t t e r n s ,  
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